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DESIGN  CONSIDERATIONS  IN  SELECTING  MATERIALS  FOR 
LARGE  SOLID- PROPELLANT  ROCKET- MOTOR  CASES 


SUMMARY 


S«v«n  major  dorian  considerations  in  selecting  materials  f or  large  solid- 
propellant  rocket-motor  cases  are  cavered  in  this  report:  (1)  missile  types,  mission 
profiles,  loads,  and  environment,  (2)  stresses  and  design  factors,  (3)  structural  safety 
and  reliability,  (4)  static  behavior,  (5)  fatigue  behavior,  (6)  environmental  effects,  and 
(?)  structural  weight. 

Two  different  loading  situations  govern  the  design  of  motor  cases: 

(1)  Internal  Pressure.  This  loading  results  in  a  high  tension  stress  in  the 
ciircumferen ial  direction;  this  tends  to  produce  failure  in  tension.  The 
structural  index  which  governs  the  motor-case  weight  when  internal 
pressure  is  critical  is  Ftu/d  -  the  ratio  of  the  ultimate  tensile  strength 
to  density.  The  higher  this  ratio,  the  lower  is  the  weight. 

(2)  Ruckling  Due  to  External  Loading.  This  type  of  failure  may  be  pro- 
diced  by  axial  compression,  by  bending  moments,  or  by  a  combination 
of  the  two.  When  buckling  due  to  external  loads  la  critical,  tha  struc¬ 
tural  index  which  governs  the  motor- case  weight  is^E/d  —  the  ratio 
cf  the  square  root  of  the  effective  elastic  modulus  to  the  density. 

Again,  the  higher  the  ratio,  the  lower  ia  the  weight. 

On  the  baeis  of  tha  two  structural  indexes  mentioned  above  and  certain  assump¬ 
tions,  the  weight  per  unit  of  enclosed  volume  for  motor  cases  can  be  predicted  quantita¬ 
tively  as  a  function  of  mission  staging  and  type  of  construction  and  materials.  The 
results  of  such  predictions  are  shown  in  Figures  IS  and  16  (pager  51  and  52)  of  this 
report.  They  can  be  summarized  as  follows: 

(1)  For  any  given  combination  of  loads,  there  is  a  compcsits  structure 
which  is  lighter  than  the  lightest  monolithic  structure.  However, 
there  is  no  i  Ingle  type  of  composite  construction  which  is  best  fer 
all  ranges  of  external  load. 

(2)  For  monolithic  construction  (excluding  beryllium),  the  titrnium  alloys 
result  in  the  lightest  motor  case,  except  in  the  case  of  very  high 
external  loadings,  where  aluminum  alloys  look  promising.  In  all  in¬ 
stances,  steel  motor  cases  are  heavier  than  titanium- alloy  cases  on  a 
weight-volume  basis. 

(3)  For  relatively  low  external  loads  representative  of  ballistic- 
missile  applications,  a  glass-filament-wound  resin-bonded  com¬ 
posite  results  in  the  lightest  motor  case  per  enclosed  volume. 

(4)  For  the  intermediate  load  range  associated  with  boosters  for 
«<*rUi-or'oit  vehicles  and  some  stages  of  earth- escape  boosters, 
the  composite  of  glc.ss  iJnments  resin  bonded  to  an  aluminum 
alloy  base  gives  the  lightes.  motor  case. 
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(5)  For  the  very  high  '-ads  associated  with  the  intermediate  stages  of 
an  earth-escape  bo.ster,  the  sandwich-type  composite  of  glass- 
filament  facings  ana  an  aluminum- alloy  honeycomb  core  appears  to 
be  the  most  promising  from  a  weight-volume  standpoint. 

(6)  Regardless  of  the  combinations  of  loads  considered,  the  music-wire 
resin-bonded  composite  is  inferior,  from  a  weight  standpoint,  to  the 
other  composites.  However,  a  beryllium-wire  resin  composite  may 
be  promising. 

The  selection  of  rochet- motor- case  materials  involves  other  considerations  in 
addition  to  structural-material-weight  indexes  based  on  uniaxial  static  material  prop¬ 
erties.  It  also  involves  other  considerations  In  addition  to  structural-weight  indexes 
based  on  simple  pressure  vessels  subjected  to  the  stresses  discussed  In  this  report. 

For  example,  nonpolar  openings  in  the  case,  such  as  occur  in  four-nossle  rocket  motors 
and  in  cases  that  contain  thrust  reverser  ports,  severely  penalise  the  potential  weight 
advantages  of  filament- wound  structures  because  load-bearing  members  must  be  cut  to 
accommodate  the  ooenings.  During  the  time  history  of  powered  flight,  aerodynamic  and 
internal  heating  (front  pi.r_Ilant  burning),  high-frequency  random  vibrationc,  and  other 
effects  imply  that  thermally  dependent  mechanical  properties  and  fatigue  -hould  be  con¬ 
sidered.  Also,  internal  pressure  loading  produces  biaxial- stress  effects,  and  difficul¬ 
ties  in  inspecting  for  small  flaws  make  brittle  fracture  an  important  consideration,  lor 
a  space  booster  traveling  for  some  time  in  space,  the  effects  of  the  space  environment 
can  become  significant.  Thus,  for  particular  missions,  the  strength  values  used  in  a 
weight  analysis  are  dependent  upon  these  other  material  requirements  which  are  clso 
discussed  in  this  report.  Requirements  for  reliability,  additional  external  insula.ion, 
radiation  shielding,  or  bumpers  for  solid-particle  shielding  also  should  be  considered  in 
making  trade-offs  to  arrive  at  an  acceptable  final  design.  Finally,  it  must  be  recognized 
that  producibility,  cost,  and  corrosion  resistance,  three  key  selection  factors  not  con¬ 
sidered  in  this  report,  are  frequently  as  important  in  che  selection  of  materials  for  lar«e 
solid- propellant  rocket-motor  cases  as  are  the  design  considerations  covered  by  the 
report. 
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INTRODUCTION 


The  Defense  Metals  Information  Center  was  given  a  special  assignment  by  the 
Office  of  the  Director  of  Defense  Research  and  Engineerog  t">  collect,  evaluate,  and  dis¬ 
seminate  information  on  the  design  and  fabrication  of  the  ine.'t  parts  of  large  solid- 
propellant  rocket  motors. 

In  this  report,  design  considerations  that  influence  the  selection  of  materials  for 
rocket-motor  cases  are  discussed.*  The  main  intent  of  the  report  is  to  clarify  consid¬ 
erations  of  design  for  the  benefit  of  the  materials  specialists  in  the  aerospace  industry 
and  fer  the  benefit  of  the  materials  industries  which  supply  the  aerospace  industry.  TV.e 
presentation  starts  with  a  brief  discussion  of  types  of  missiles  and  mission  profiles. 

This  is  followed  by  a  discussion  of  the  external  and  internal  loads  and  environment  to 
which  the  missile  is  subjected.  The  mechanical  and  thermal  loads  are  reacted  by  the 
motor  case  acting  as  a  structure;  hence,  a  discussion  of  stresses  and  other  design  fac¬ 
tors  is  included.  Next,  structural  safety  and  reliability  are  discussed  from  a  design 
point  of  view. 

Since  it  is  material  behavior  that  must  be  made  compatible  (in  a  selection  of  struc¬ 
tural  materials)  with  the  applied  t tresses  to  assurt  the  highest  possible  performance 
consistent  with  an  adequate  reliability  level  for  the  vehicle,  these  aspects  of  basic  mate¬ 
rial  behavior  are  discussed  in  relation  to  motor-case  design  requirements:  static  me¬ 
chanical  behavior,  fatigue  benavioa ,  thermal  effects,  and  other  environmental  effects. 
Finally,  in  order  to  provide  realistic  criteria  for  materials  selection,  design  for  mini¬ 
mum  weight  is  presented  from  the  material-index  point  of  view.  Considerations  not  re¬ 
lated  directly  to  design,  for  example,  proiucibility ,  cost,  and  corrosion  resistance,  are 
not  included  in  this  report. 


MISSILES  AND  MISSIONS 


In  discussing  design  considerations,  attention  here  is  directed  to  large  solid- 
propellant  (SP)  rocket-motor  cases.  No  thought  is  given  to  such  smaller  rockets  or 
boosters  as  may  be  associated  with  sounding  rockets  and  short-range  missiles.  Large 
boosters  may  be  used  for  the  tolluwmg  missions**: 

(1)  Ballistic  missiles,  including  both  surf>cv-Iaunched  and  air-launched 
type*  (ALBM),  of  medium  range  (MRBM),  intermediate  range  (IRBM), 
or  intercontinental  range  (1CBM). 

(2)  Earth-orbiting  mission. 

(3)  Lunar  or  satellite  rendezvoua. 

(4)  Interplanetary  missions. 


•Hut  icport  mpertedet  DMIt.  .V'moMPJum  It",  dated  March  8,  1962. 

"Ann  K.RM  interceptor  mimic.  (AH. DM),  a’1 2 3 4'  augh  large  ti  tize,  have  very  high  acceleration!  which  introduce  ptoblc.ni  of  a 
.pci  ul  nat..rc  that  arc  considered  U  be  ,  ».u  "he  stop  u l  thli  report,  nine  it  it  .united  to  Urge  SP  rockett  of  low  and  inter 
ri’iU.jtc  aeceleiautai. 
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Boosters  for  these  missions  usually  are  multistage  vehicles,  and  m  the  past,  gen¬ 
erally  have  consisted  of  one  rockot  motor  per  stage  {Figure  1).  In  nr.  effort  tu  obtain 
large  total  thrust  to  place  very  heavy  payloads  in  orbit  or  on  an  earth-escape  mission, 
a  trend  now  is  developing  in  the  direction  of  clusters  of  simple  or  segmented  solid- 
propellant  rocket  motors  in  each  stage.  In  the  future  this  trend  could  result  in  require¬ 
ments  for  relatively  few  designs  of  %ery  large  rocket  motors.  Such  motors  will  have  to 
be  carefully  conceived,  in  order  to  have  the  versatility  that  would  be  required  by  the 
variety  of  mission  requirements.  This  follows,  because  past  experience  has  been  that, 
in  general,  the  vehicle  configuration  and  its  major  subsystems  have  been  closely  related 
to  the  requirements  of  specific  missions. 


Another  way  ir.  which  large  SP  rockets  can  be  used  is  in  conjunction  with  liquid- 
prspollani  rockets,  as  exemplified  by  the  Titan  III  (Figure  2),  which  is  tc  he  used  for 
launching  the  X-20  (Dyna-Scar)  glide  vehicle. 


For  the  four  mission  types  cited  above,  there  are  certain  similarities  during  the 
first  portion  of  the  flight  (powered  flight)  that  are  important  in  considering  rocket-case 
design.  For  a  ground  launch,  the  vehicle  starts  with  a  short  vertical  rise  during  which 
launching  transients  damp  out.  During  this  period,  some  missiles  are  rolled  to  obtain 
;he  proper  flight  azimuth.  After  a  given  rise,  the  missile  begins  a  programmed  pitch 
maneuver  (zero  lift  or  gravity  turn)  to  minimus  aerodynamic  forces  in  the  sensible  at¬ 
mosphere  (vehicle  axis  is  kept  ori*'  ited  atom,  the  flight  path  in  this  maneuver).  Above 
about  200,000  feet,  the  missile  trajectories  are  sloped  further  in  accordance  with  mis¬ 
sion  requirements  so  that,  at  last-stage  burnout,  the  vehicle  will  have  reached  dosired 
velocity,  altitude,  and  flight-path  angle. 


From  lift-off  to  about  200,000  feet,  aerodynamic  forces  and  maneuvering  loads  are 
important  to  the  structural  design.  Maximum  dynamic  pressure  us-ially  occurs  in  the 
vicinity  of  35,000  to  40,000  feet.  Above  the  sensible  atmosphere,  both  aerodynamic  and 
maneuver  loads  are  low.  Hence,  for  ground  launching,  it  is  the  early  part  of  powered 
flight  that  is  of  design  importance. 


Certain  vehicle  missions  have  other  requirement!!  later  in  flight  that  can  influence 
the  problem  of  rocket-case  design.  For  example,  some  vehicles  may  be  inserted  ini¬ 
tially  into  a  near  or  far  earth  orbit  (that  may  or  not  involve  eclipses  from  the  sun)  for 
some  indefinite  time  period.  Subsequently,  a  payload  could  be  fired  (1)  toward  the 
ground,  (2)  toward  some  other  orbiting  target,  or  (3)  into  lunar  or  interplanetary  space. 
In  addition,  design  requirements  exist  for  the  return  of  manned  vehicles  that  have  landed 
on  the  lunar  or  planetary  surfaces. 


In  these  instances,  the  effects  of  the  space  environment  on  material  behavior  have 
to  be  considered  as  part  of  the  design  of  rocket-motor  cases.  The  effects  that  may  be 
important  include  the  following: 

(1)  Electromagnetic  radiation 

(2)  Particle  radiation  (galactic  cosmic  radiation,  solar-particle  radiation, 
trapped-particle  radiation) 

(3)  Solid-particle  impingement  (meteoroids) 


1GURE  I,  TWO  CURRENT  MISSILES  POWERED  BY  SOLID  PROPELLANTS 
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FIGURE  2. 


X-20  spacecraft 

* 


AIR  FORCE  TITAN  III  BOOSTER  WITH  X-20  MANNED 
BOOST-GLIDE  SPACECRAFT 
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(•4)  Vacuum  environment 
(5)  Unusual  atmospheres. 

These  environments  are  discussed  in  the  next  section. 

Since  it  is  not  currently  envisioned  that  recoverable  boosters  will  be  of  the  solid- 
propellant  type,  re-entry  problems  are  not  included  in  this  discussion. 

Loads  and  Environment 


The  loads  acting  on  a  missile  determine  the  type  and  magnitude  of  stresses;  the 
environment  also  has  a  strong  bearing  on  the  selection  of  motor-case  materials.  These 
topics  are  discussed  below  under  separate  headings. 

Loads* 

Load  sources  acting  on  a  missile  structure  may  be  categorised  into  two  types; 
static  loads  and  dynamic  loads.  Static  loads  are  of  particular  use  in  evolving  the  pre¬ 
liminary  structural  design  considering  the  missile  to  react  as  a  rigid  body.  However, 
once  a  preliminary  design  has  been  achieved,  it  is  possible  to  compute  the  dynamic  char¬ 
acteristics  of  the  missile.  With  these  characteristics,  it  is  then  necessary  to  consider 
effects  of  the  dynamic  loads  on  the  structural  behavior.  This  infers  study  of  the  inter¬ 
actions  between  the  control  system,  propulsion  system,  aerodynamic  effects,  etc.  ,  and 
the  dynamic  behavior  of  the  structure. 

Although  many  load  sources  are  known  to  contribute  to  the  total  load  environment 
that  a  missile  experiences,  all  of  these  loads  do  not  act  simultaneously.  It  is  necessary 
to  establish  which  are  the  significant  loads,  based  upon  their  higher  probability  of  occur¬ 
rence  throughout  the  time  history  of  the  mission.  To  a  large  extent,  this  decision  will 
be  related  to  the  basic  mission  of  the  system.  In  the  case  of  loads  pertinent  to  the 
rocket-motor  cases,  the  decision  will  be  affected  by  the  location  of  the  motor  case  in  the 
iiequence  of  stages. 

Tables  1  and  l  list  possible  static  and  dynamic  loads  to  which  a  rocket  case  may  be 
subjected  and  the  types  of  stresses  that  would  result  from  th  load  sources.  Those  en¬ 
tries  with  an  asterisk  are  considered  the  load  sources  that  should  be  examinod  in  every 
instance. 

From  these  tables,  and  recognizing  that  the  solid-propellant  rocket-motor  case  is 
a  part  of  the  missile  structure  until  stage  separation,  it  is  possible  to  list  the  important 
load  sources  that  affect  the  basic  design  of  the  case. 

(1)  Axial  load.  The  major  load  on  the  missile  is  the  thrust  load  which  is 
reacted  by  the  inertial  load  of  the  missile  mass  and  the  aerodynamic 
drag. 


I  m  'ft  vMtim.i  Jikuim.-o  of  load*  may  be  found  in  Ik  *c  fence  (1);  Chapter  1  co\cr>  flight  load*.  Chapter  3  distune*  awod% 
ii..:  i'  h.  Jung,  and  ud pier  10  treats  dynamic  loads. 
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TABLE  1.  STATIC  LOADS  ACTING  ON  MISSILE  AND  TYPES  OF 
RESULTING  STRESSES 


Item 

Load  Source 

Type  of  Resulting  Stress 

1* 

Control  system  — 
vanes  or  nozzle  swivel 

Bending 

2* 

Atmospheric  lift  and  drag 

Bending,  axial 

3* 

Unilateral  loading  — 
gust,  wind  shear,  etc. 

Bending  due  to  unilateral 
pressure 

4 

Inertial  loading  — 
ground  handling, 
erection,  launch, 
staging,  space 
maneuvering,  etc. 

Various  types  of  stresses 
(including  longitudinal  and 
torsional  shear  at  the  case- 
propellant  interface) 

5* 

Thrust  loading 

Axial,  bending 

6 

Weapon  effects 

Bending  due  to  unilateral 
pressure 

7* 

Dynamic  pressure 

(Forward  portion  only) 

8* 

Wind-induced  loads  — 
post  erection , 
prelaunch 

Bending 

9* 

Internal  pressure 

Hoop  and  axial  stress 
(biaxial) 

10* 

Thermal  — 
propellant  burning, 
aerodynamic  heating 

Biaxial  stress 

* 

11 

ShMts  in  ce.iter  of 
gravity  and  center 
of  pressure 

Bending 

12 

Spin-stabilization  loads 

Torsion 

TABLE  2.  DYNAMIC  LOADS  ACTING  ON  MISSIS  AND  TYPES 


OF  RESULTING  STRESSES 

Item 

Load  Source 

Type  of  Resulting  Stress 

1* 

Control  system  — 
coupling  with  structural 
modes 

Bending 

2V 

Unilateral  loading  — 
gust,  svind  shear,  etc. 

Bending 

3* 

Inertial  loadings  — 
ground  handling, 
staging,  space 
maneuvering,  etc. 

Various  types  of  stresses 

4* 

Weapon  effects  — 

Blast 

Neutron  heating 

Fragment  impact 

Bending 

Thermal 

Localized  point  loads 

5* 

Thrust 

Axial,  bending 

6* 

Wind-induced  loads  — 
post  erection, 
prc  launch 

Bending 

7* 

Acoustical 

Panel  bending,  vibration 

8 

Shifts  in  center  of 
gravity  and  center 
of  pressure 

Bending 

V 

Short -period  rigid -body 
motion 

Bending 

10 


Spin-stabilization 


Torsion 


“1 
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(2)  Bending  Loads.  These  loads  arise  from  a  variety  of  sources.  How¬ 
ever,  generally  they  result  from  the  lateral  aerodynamic  force  (or 
lift),  the  lateral  component  of  the  thrust  vector,  and  inertia  forces 
reactmg  to  the  former.  Except  at  hypersonic  velocities,  aerody¬ 
namic  lift  on  bodies  of  revolution  occurs  only  when  there  is  an  angle 
of  attack  between  the  longitudinal  axis  and  the  relative  air  velocity. 
This  is  why  wind  effects,  particularly  at  about  35,000  feet  (where 
wind  velocity  is  greatest),  are  important.  Since  dynamic  pressure 
also  is  near  maximum  at  this  altitude,  maximum  bending  moments 
occur  in  the  vicinity  of  this  level. 

(3)  Internal  Pressure.  This  loading  results  in  a  biaxial-stress  state  in 
the  case  shell.  As  discussed  later  in  the  section  on  Stresses  and 
Design  Factors,  the  effect  of  pressure  is  considered  as  a  load  and 
as  a  load-relieving  effect. 

(4)  Thermal  Loading.  Thermal  loading  arises  from  internal  heating 
due  to  propellant  burning  and  external  heating  by  aerodynamic  fric¬ 
tion.  In  space  flight,  thermal  loading  arises  from  solar  radiation. 
Two  effects  result:  biaxial  thermal  stresses  are  set  up  m  the  case, 
and  mechanical  strength  of  the  material  may  be  decreased. 

(5)  Ground  Loads.  Examinations  of  ground  loads  usually  are  made  less 
from  the  standpoint  of  missile  design  than  from  the  interaction  with 
ground-support  equipment.  Then  the  ground-support  equipment  is 
designed  to  accommodate  to  these  loads  in  order  not  to  penalize  the 
missile  with  additional  weight. 

(6)  Acoustical  Loads.  Acoustical  loads  may  bo  transmitted  to  the 
structure  an  pressure  fluctuations  of  random,  high-frequency  con¬ 
tent  or  the  loads  may  be  transmitted  through  the  structural  members 
themselves. 
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Space  Environment 

For  those  missions  that  involve  launch  from  an  orbiting  "platform"  or  launch  from 
the  lunar  or  planetary  surface,  some  of  the  effects  of  the  environmental  factors  peculiar 
to  space  have  to  be  considered  in  the  design  of  rocket-mot  or  cases. 

Within  the  last  Z  years,  there  have  been  a  number  of  excellent  summaries  of  the 
factors  involved  in  "space  environment"^”®).  To  this  body  of  information  is  being 
added,  continually,  vital  knowledge  of  the  environment  that  will  be  helpful  in  material 
selection.  Accordingly,  a  detailed  discussion  of  the  environment  in  this  report  is  not 
warranted.  Instead,  a  brief  statement  of  the  nature  of  the  environment  is  presented.  Its 
possible  effect  on  materials  and  design  is  treated  in  the  section  on  Environmental  Effects. 


Ely -ti  Otiia^iicilc  Radhtiiun.  The  chief  source  of  « ion  romagnetii  radt&l.on  in  the 
solar  system  is  the  sun.  Its  intensity  varies  inversely  as  the  square  of  the  distance  from 
the  sun  (hence  at  a  Venus  orbit  the  intensity  will  be  about  1.  9  times  that  at  earth  orbit,  at 
Mars  ,  about  0.  4  times).  The  spectrum  of  electromagnetic  radiation  ranges  from  long 
wa'  elength  radio  waves  to  very  short  wavelength  gamma  radiation.  About  half  of  the 
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*un's  energy  lies  in  the  infrared  and  radiofrequency  regions  (>7000  A).  Forty  per  cent 
of  the  sun’s  energy  is  in  the  visible  range  (4000  to  7000  A}  and  the  remaining  10  per  cent 
i„  in  the  ultraviolet  and  shorter  wavelength  regions  of  the  spectrum  (<4000  A).  Wave- 
leneths  shorter  than  3000  A  comprise  1  per  cent  of  the  total  energy  of  the  sun.  This  lat¬ 
ter  radiation  is  absorbed  in  the  atmosphere;  however,  it  will  be  encountered  in  space. 

In  addition  to  solar  radiation,  an  orbiting  vehicle  close  to  the  earth  or  to  another 
solar  body  will  be  subjected  to  direct  reflected  sunlight  and  electromagnetic  radiation 
from  the  body.  These  latter  two  effects  are  small  in  comparison  with  that  of  direct 
solar  radiation  and  their  effect  decreases  with  distance  from  the  body. 

Electromagnetic  radiation  may  affect  materials  in  several  ways,  Radiation  im¬ 
pinging  on  a  motor  case  may  be  absorbed,  and  the  energy  converted  to  thermal  energy  or 
heat.  Very  short  wavelength  radiation,  which  is  encountered  only  in  space,  may  cause 
atomic  displacement  or  ionisation  of  case  materials.  Depending  upon  the  material, 
radiation  damage  may  occur. 


Particle  Radiation.  Particle  radiation  has  three  main  origins:  (1)  galactic  cosmic 
radiation,  (2)  solar  particle  radiation,  and  (3)  geomagnetically  trapped  particle  radiation 
radiation. 

Galactic  cosmic  radiation  (primary  cosmic  rays)  consists  primarily  of  high-energy 
positively  charged  particles  with  a  continuous  energy  spectrum  up  tc  10*8  nv.  Ionized 
nuclei  of  elements  from  hydrogen  up  to  iron  have  been  observed;  however,  the  majority 
of  the  particles  are  hydrogen  nuclei. 

Solar  particle  radiation  consists  of  a  base-level  radiation  -  solar  wind  -  and 
radiation  from  solar  flares.  The  proton  density  at  earth  orbit  is  estimated  to  be  in  the 
range  10  to  100  protons  per  cubic  centimeter.  These  particles  have  much  lower  energy 
than  primary  cosmic  radiation,  in  the  range  1  to  5  kev.  During  a  period  of  solar  activ¬ 
ity,  the  density  of  the  particles  at  earth-orbit  altitudes  may  rise  to  10,000  protons/cm^ 
with  associated  energies  ox  40  kev.  In  severe  storms,  particles  with  average  energies 
of  100  Mev  have  been  observed. 

Geomagnetically  trapped  radiation  has  been  found  in  two  zones  (Van  Allen  belts) 
girdling  the  earth.  The  inner  zone  (proton  zone)  ranges  from  about  500  miles  to  6,000 
miles  in  altitude,  the  outer  zone  (electron  zone)  ranges  from  about  1,500  miles  to 
50,000  miles.  The  inner  zone  is  quite  stable,  varying  slight  y  with  solar  activity  and 
having  reported  maximum  fluxes  of  about  40,000  protons/(cm2)(sec).  The  outer  zone, 
however,  varies  considerably  with  solar  activity.  Fluxes  on  quiet  days  of  3  x  10®  elec¬ 
trons  /(cm2)(sec)  have  been  reported.  With  solar-induced  activity,  maximum  flux  is  in¬ 
creased  to  109  electrons /(cm2)(sec). 

Radiation  of  the  kind  discussed  here  might  be  expected  to  result  in  some  degree  of 
radiation  damage  to  certain  materials.  The  severity  would  be  expected  to  be  a  function 
of  the  dosage  and  the  time  of  exposure. 


Solid  Particles.  In  addition  to  gas  particles,  a  vehicle  orbiting  the  earth  or  trav¬ 
ersing  interplanetary  space  would  encounter  solid  particles  cither  as  meteoroids  or 
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meteoric  dust.  Depending  upon  the  size  and  density  of  particles,  their  impinging  veloc¬ 
ity,  and  the  duration  of  exposure,  damage  in  the  form  of  surface  roughening  or  penetra¬ 
tion  may  occur. 

Solid  particles  of  three  kinds  are  known  to  exist:  (1)  iron-nickel  particles,  7.8- 
8.  0  g/cm^i  (2)  stoney  particles,  3.  4-4.  0  g/ern^;  and  (3)  so-called  "dust  balls",  0.  01- 
2.0  g/cm3.  They  move  generally  in  the  ecliptic  plane  at  velocities  in  the  range  10  to 
70  km/sec  (also  assumed  impact  velocity  range).  The  particles  are  not  distributed  uni¬ 
formly,  rather  they  occur  sporadically  and  as  "showers".  Estimate  of  the  spatial  mass 
density  at  earth  orbit  is  of  the  order  of  10“**  to  10'^  g/m3.  Depending  upon  an  as¬ 
sumed  particle  size  and  density,  this  corresponds  roughly  to  a  particle  density  of  10“^ 
to  I0”l^  particles /rml, 


Vacuum.  The  decrease  in  gas  pressure  with  altitude  is  indicated  by  the  simple 
tabulation  belowO). 


Altitude, 

miles 

Sea  level 
20 
125 
500 
4,000 
>14,000 


Pressure 
mm  Hg 

760 

9°-6 
10  6 

10-9 

10-13 

<10*12 


It  is  noted  that  at  an  altitude  of  only  125  miles,  the  vacuum  is  about  that  obtained 
by  usual  techniques  in  the  laboratory.  It  is  quite  obvious  also  that  a  really  hard  vacuum 
exists  above  about  4000  miles.  Factot  s  to  be  considered  as  a  consequence  of  this  hard 
vacuum  include  sublimation  of  surfaces,  breakdown  or  degradation  of  organic  com¬ 
pounds,  and  changes  in  mechanical  properties. 

Table  3  summarizes  the  environments  and  lists  factors  that  must  be  assessed  in 
design  of  rocket-motor  cases  and  selection  of  materials  when  considering  vehicles  for 
long-time  'service  outside  of  the  earth  or  planetary  atmospheres. 

TABLE  3.  ENVIRONMENTAL  FACTORS  FOR  INTERPLANETARY  MISSIONS 


Environment 

’mponaot  Factors 

Electromagnetic  radiation 

Intermittent  heating 
(cyclic  thermal  rtrc«) 

Radiation  damage 

Particle  radiation 

Radiation  damage 

Sputtering 

Solid-particle  impingement 

Erosion  of  surfai  cs 

Pcneuatior,  with  attendant  flaws 

Vacuum  environment 

Sublimation  of  surfaces 

Degradation  of  organic  compounds 
Cnangcs  in  mechanics i  strength 
Absorptivity  and  cinisslvtty 

I 
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STRESSES  AND  DESIGN  FACTORS 


Material  selection  fox'  rocket  cases  depends  on  the  behavior  of  potential  case  mate¬ 
rials  when  they  are  exposed  to  various  environmental  factors  discussed  in  later  sections 
on  Environmental  Effects;  ho.vtver,  in  addition,  it  is  highly  dependent  upon  the  mechan¬ 
ical  properties  required.  The  mechanical-property  requirements  are  governed  by  the 
critical  stress  conditions  sot  up  in.  the  case  by  the  various  loadings,  both  mechanical  and 
thermal.  The  critical  stress  ccnditions  are  those  which  govern  the  design.  In  order  to 
determine  the  critical  stress  conditions  reliably,  it  is  usually  necessary  to  make  a  com¬ 
plete  stress  analysis.  This  requires  detailed  information  on  the  distribution  of  all  of  the 
loads  applied  to  the  structure,  as  a  function  of  time,  throughout  the  entire  operational 
life. 


It  is  important  to  keep  in  mind  that,  even  for  a  given  stage  within  a  i  ehicle  having 
a  specified  mission  profile,  the  loads  and  stresses  are  not  only  functions  of  location  and 
time,  hu’  also  of  design,  including  structural  configuration,  material  thicknesses,  and 
material  elastic  moduli  and  thormal  properties.  This  aspect  is  discussed  in  detail  later 
in  connection  with  thermal  stress  and  in  connection  with  gl&ss-filament-wound 
composites. 

Also,  there  are  many  interactions  between  loading  conditions;  some  of  these  may 
even  reduce  the  critical  stresses  under  combined  conditions.  For  example,  in  a  three- 
stage  vehicle,  during  firing  of  the  first  stage,  the  thrust  and  inertia  forcet  induce  com- 
pressiv.  loads  in  the  first-stage  motor  case  which  are  offset  to  a  certain  extent  by  the 
axial  tension  produced  by  the  internal  pressure  in  the  case.  This  relief  usually  does  not 
occur  in  the  motor  cases  of  the  second  and  third  stages,  since  they  are  at  ambient  pres¬ 
sure  during  first-stage  burning. 

The  critical  stresses  in  rocket  caseo  are  those  due  to  internal  pressure  and  those 
due  to  external  loadings  The  paragraphs  which  follow  describe  how  these  stresses  ^ 

arise,  their  nature,  and  their  general  effects  on  design.  Since  the  stresses  which  arise  t 

in  monolithic  case',  are  more  simple  than  those  for  composite  cases,  it  is  convenient  to 
discuss  monolithic  cases  fir?U 


Monolithic  Cases 


Burning  of  the  solid-propellant  grain  produces  a  combustion  pressure  within  the 
port  area  (usually  an  internal-star-shaped  opening)  of  the  grain  (see  Figure  3).  This 
pressure,  not  necessarily  uniform  along  the  length  of  the  grain,  acts  on  the  grain,  which 
behaves  as  a  low-modulus  viscoelastic*  material  somev/hat  similar  to  a  polymer.  When 
a  monolithic  metallic  case  if  used,  the  case  stiffness  is  so  high  in  comparison  to  the 
long-time  elastic  shear  modulus  of  the  propellant  that  nearly  the  full  combustion  pressure 
is  transmitted  through  the  propellant  grain  to  the  case. 

In  addition  to  the  axial  variation  in  pressure,  there  is  another  aspect  in  which  the 
pressure  acting  on  a  solid-rocket  case  differs  from  that  in  an  ordinary  unitorm-pressure 
vessel.  This  1.1  the  circumferential  nonuniformity  in  pressure  distribution  which  ic  auo  to 
local  variations  in  combustion  pressure  and  nonui.iformity  in  the  propellant-grain  wall 


•A  .:>cocl»':ic  in'  tij!  ii  one  wild  limc-dcpcndrni  cUulc  piopcrlici. 
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The  case  is  shown  ir.  black. 
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thickness  (both  initially  due  to  the  internal  star  design  and  during  burning).  However, 
for  simplicity,  in  design  the  pressure  distribution  is  often  assumed  to  be  uniform. 

Within  the  limitations  described  above,  a  rocket  case  can  be  considered  to  be  a 
thin-walled,  cylindrical-shell-typc,  internal-pressure  vessel*.  In  any  thin-walled  shell, 
stresses  due  to  internal  pressure  are  of  two  different  types:  membrane  stresses  and 
discontinuity  stresses. 

Just  as  the  name  implies,  membrane  stresses  are  those  due  to  membrane  action 
such  as  exhibited  in  an  inflated  balloon.  For  shells  with  thin  walls,  these  stresses  are 
essentially  uniform  through  the  case  thickness  and  act  only  in  directions  perpendicular  to 
th-*  l).i^kncs3  direction.  In  a  thin-walled  cylindrical  vessel,  such  as  a  rocket  case,  the 
largest  membrane  stress  is  the  hoop  stress,  a  tension  stress  acting  in  the  circumferen¬ 
tial  direction.  The  smallest  membrane  stress,  which  is  a  tension  stress  only  one-half  of 
of  the  huup  in.  rngniH*,  »«■*■»  in  the  longitudinal  di-ection.  The  hoop  stress  is 

easily  computed  by  the  formula  pD/2t,  where  p  is  the  pressure  acting  on  the  cue.  D  is 
the  mean  diameter  of  the  case,  and  t  is  the  case  wall  thickness.  Although  this  formula 
is  not  exact,  it  is  sufficiently  accurate  for  most  design  purposes**. 

Discontinuity  stresses**  are  those  which  are  due  to  differences  in  membrane  dis¬ 
placements  of  various  elements  of  a  pressurized  shell  when  these  elements  are  pres¬ 
surized  separately.  In  general,  a  difference  in  membrane  displacements  of  two  indi¬ 
vidual  elements  produce,  at  the  junction,  both  a  shear  force  normal  to  the  shell  surface 
and  biaxial  bending  moment?.  These,  in  turn,  produce  a  uniaxial  shear  stress  (which 
varies  parabolically  from  zero  at  the  surface  to  a  maximum  in  the  middle)  and  biaxial 
bending  stresses  (which  vary  from  compression  on  one  surface  to  tension  on  the  other). 
Fortunately,  discontinuity  stresses  are  of  a  rather  localized  nature,  since  they  tend  to 
diminish  rapidly  at  e  distance  from  the  discontinuity  is  increased. 

In  rocket  cases,  the  major  discontinuities  are  the  junctions  of  the  cylinder  with  the 
end  closures  and  the  skirts  and  of  the  aft  closure  with  the  nozzle  ports.  For  ease  of 
manufacture,  it  is  the  practice,  for  rocket  cases,  to  use  the  same  wall  thickness 
throughout  the  entire  case,  e.rcept  possibly  m  the  closures.  Various  geometrical  con¬ 
figurations  have  been  used  for  closures.  The  most  popular  configurations  are  approxi¬ 
mately  ellipsoids  of  revolution,  with  the  minor  axis  coinciding  with  the  axis  of  the  cylin¬ 
drical  portion  of  the  case.  In  general,  for  a  multistage  vehicle,  the  interstage  structure, 
which  connects  two  adjacent  stages ,  is  a  highly  loaded  structure  and  thus  is  relatively 
heavy.  Therefore,  in  order  to  achieve  a  high  mass  fraction***  for  the  stage,  it  is  gen¬ 
erally  necessary  to  use  a  closure  which  is  as  sl»at'ow  as  possible.  The  limiting  lactors 
here  are  maximum  discontinuity  stresses  ant*  circumferential  buckling  (structural  in¬ 
stability)  due  to  compressive  hoop  stresses  in  the  highly  curved  "knuckle"  region  of  the 
dome  if  the  closure  is  too  flat. 

There  is  no  choice  in  nozzle  location  for  a  single -nozzle  design;  however,  for  a 
multinozzle  configuration,  from  a  stress  standpoint,  it  is  desirable  to  locate  the  nozzle 
ports  where  the  maximum  effective  stress  in  ihe  original  unported  dome  is  smallest.  Of 
course,  this  may  not  always  be  poss.ble  due  to  internal-gas-flow  considerations  or  to 
nozzle-porl  rotation  when  the  case  is  pressurized. 

•Tl:i*  discusi'iCt  l:  limited  to  cylindrical  cam,  wim.ii  ».e  fc,  ii;  wc  tr.ott  prevalent.  aitiuiugu  tyiiiiil!  "*er  ::r  cur— "'>y  in 
u*c,  primarily  in  smati  ' iz.es  for  auxiliary  purpose, 

**  A  more  t-.iinpiesonsisv,  yet  basic,  dlsu  uion  cf  membrane  and  discontinuity  stresses  in  thin  shells  is  given  in  Chaplet  8  of 
Riluniic  (1). 

•**  I i.s-  term  nais  fraction  Is  defined  al  the  beginning  of  the  section  on  Stm-tural  Weight. 
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Since  the  nozzles  introduce  discontinuity  stresses  in  the  aft  cljsurc,  it  is  necessary 
to  provide  some  kind  of  local  reinforcement  of  each  nozzle  port.  This  can  be  done  by 
adding  a  thick  ring  reinforcement  or  by  gradually  increasing  the  wall  thickness  in  the 
vicinity  of  the  ports.  The  latter  method  i*  more  efficient  structurally,  but  sometimes 
increases  the  fabrication  costa. 

Dy  tl  •a  way  of  review,  the  external  loads  acting  on  a  rocket  case  may  include  axial 
compression,  longitudinal  shear  at  the  case-propellant  interface*,  longitudinal  bending, 
a  torque  varying  linearly  along  the  axis**,  external  pressure  (as  in  a  blast),  localized 
loads  along  a  circumferential  band  (such  as  occur  in  ground  handling),  and  thermal  gra¬ 
dients.  Each  of  these  loads  may  affect  the  strength  of  the  case  in  two  ways: 

(1)  By  combining  with  the  stresses  due  to  internal  pressure  so  as  to  either 
increase  or  decrease  the  maximum  effective  stress 

(2)  By  inducing  buckling  (structural  instability). 

Monolithic  metallic  cases  generally  have  sufficient:  "wall  stiffness"  (the  product  of 
elastic  modulus  and  wall  thickness)  to  prevent  buckling  from  being  critical,  except  in  a 
few  designs  having  extremely  high  compression  or  bending  loads.  There  is  some  addi¬ 
tional  buckling  resistance  over  that  of  the  case  itself  by  virtue  of  the  internal  burning 
pressure  and  the  propellant  grain  (even  before  burning  starts).  For  example,  for  a  typi¬ 
cal  motor  case,  internal  pressure  gives  approximately  a  76  per  cent  increase  in  buckling 
resistance  over  the  unpressurized  case  alone(&)  and  a  case  containing  a  case-bonded  pro¬ 
pellant  has  approximately  52  per  cent  more  buckling  resistance  than  the  case  alone.  (?) 
The  former  increase  of  course  is  available  to  the  first-stage  case  at  all  times,  while  the 
latter  increase  is  available  to  all  of  the  higher  stages  during  the  early  boost  period  when 
the  external  loads  are  most  critical. 

The  total  buckling  load  applied  as  a  uniform  longitudinal  shear  stress  (due  to  axial 
acceleration  of  the  propellant)  depends  on  the  case  length,  diameter,  thickness,  and 
material.  However,  for  cases  of  current  interest,  it  is  sufficiently  accurate  from  the 
standpoint  of  buckling  to  consider  the  total  inertia  force  to  act  as  a  simple  axial  com¬ 
pressive  load.  W 

Thermal  stresses  are  produced  by  over-all  changes  of  „emperatu:  e  in  structures 
composed  of  materials  with  different  thermal -expansion  coefficients,  by  thermal  gradi¬ 
ents  in  restrained  structure! ,  and  by  nonlinear  thermal  gradients.  Even  in  a  monolithic 
metallic  case,  the  thermal  expansions  of  three  different  mat-  rials  are  involved:  the 
propellant,  the  insulation,  and  the  case  itself.  Thermal  stresses  are  in  general  propor¬ 
tional  to  the  product  of  the  elastic  modulus  and  the  'hermal-expansion  coefficient.  To 
date,  the  thermal  degradation  of  strength  and  of  elastic  modulus  (important  in  connection 
with  buckling)  with  increasing  temperature  lias  been  more  critical  in  case  design  than 
thermal  stresses;  the  former  topic  is  discussed  in  the  section  on  Environmental  Effects. 
However,  thermal  stresses  ..»ve  been  an  important  factor  in  determining  the  lower  limit 
on  storage  temperature.  S.-lid  propellants  usually  have  a  much  higher  thermal-expansion 
coefficient  than  the  case  materials,  and  curing  temperatures  for  case-bonded  propellants 
are  well  above  room  temperature:  thus,  the  tensile  thermal  strains  set  up  in  the  propel¬ 
lant  grain  must  be  limi.ed  to  a  permissible  value  to  prevent  fracture  of  the  grain.  Re¬ 
cent  sug go 3t ion 3  to  circumvent  this  limitation  are  to  contniuously  wind  glabS  filaments!  1 


•th:  dod”'^  i*  due  k  the  axial  acceleration  acting  on  the  propellant  man. 

"lln*  lead  i  due  to  rotational  acceleration  acting  on  the  propellant  mae.  1hi»  would  occur  In  rpln'ttabiltzcd  itagct. 
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or  high-strength  steel  bars  of  a  special  cross  section^®)  directly  on  the  propellant  at  the 
launch  site. 


Composite  Cases 


Although  there  are  many  different  kinds  of  composite  structures,  filament-wound 
structures  are  the  most  popular  type  for  rncket-motor  cases.  Filament  winding  is  the 
process  ot  continuously  wrapping  individual  wires  or  strands  of  glass  filaments  (usually 
wetted  with  resin)  on  a  mandrel;  then  curing  the  resin  and  removing  the  mandrel  to  leave 
a  filament-wound  composite  structure. 

Perhaps  the  greatest  advantage  of  filament-wound  composite  structures  in  general 
(regardless  of  filament  material)  is  the  inherent  potential  advantage  due  to  the  flexibility 
of  design  and  manufacture.  If  a  greater  strength  (on  a  stress  basis)  is  required  in  a 
given  direction,  either  more  windings  can  be  oriented  in  that  direction  or  the  windings 
can  be  oriented  at  such  a  helix  angle  that  the  required  directional  strength  characteristics 
can  be  achieved.  Thus,  for  a  motor  case  in  which  stresses  due  to  internal  pressure  are 
critical,  one  can  either  use  twice  as  many  circumferential  windings  as  axial(H)  or  one 
can  wrao  the  windings  at  an  angle  of  54.  7  degrees  (arc  tangent  of  */2)  measured  from  the 
axis  of  the  case.  U2)  Also,  one  can  provide  more  windings  at  highly  loaded  locations. 
Thus,  it  is  possible,  in  theory,  to  achieve  relatively  easily  equal-stress  configurations, 
which  are  highly  efficient  from  a  weight  and  material-utilisation  standpoint.  Analyses 
of  this  type  are  usually  called  netting  analyses,  since  they  consider  only  the  windings 
and  even  consider  them  to  be  perfectly  flexible  (i.e.,  to  have  no  bending  or  shearing  stiff¬ 
ness).  The  resuiting  netting  configurations,  some  of  which  are  applicable  to  cylindrical 
motor  cases  having  end  closures  with  polar  openings  only,  are  geodesics,  often  called 
geometric  isotensoido.  (12, 13)  However,  in  practice,  some  of  this  efficiency  ic  lost  due 
to;  (1)  an  excess  of  bonding  material  filling  the  voids  but  not  contributing  to  the  strength, 
(2)  the  netting  geometrical  requirements  for  more  windings  near  the  axis,  and  (3)  equal 
openings  at  each  end  of  the  case,  and  complexity  of  the  winding  pattern.  ( 12 »  1 4) 

Recently,  in  order  to  circumvent  some  of  the  practical  difficulties  in  the  use  of 
geodesic  netting  patterns,  various  other  end-closure  configurations  and  helix  angles  have 
been  proposed. ( 15) 

It  has  lung  been  known  that  drawing  of  steel  into  very  small-diameter  wire  (music 
wire)  increases  its  strength  considerably,  resulting  in  wire  i  trength /density  of  slightly 
over  2  million  psi/pci*.  Similarly,  small  filaments  of  glass  (often  termed  fiber  glass) 
exhibiting  strength/density  of  nearly  3  million  osi/pci  have  long  been  known.  These 
strength/density  values  of  filaments  have  presented  a  real  challenge  to  materials  engi¬ 
neers  to  utilise  some  of  their  potential  in  composites  so  as  to  achieve  lower  weights  than 
possible  with  monolithic  cases. 

Although  wire-wrapped  metallic  pressure  vessels  have  been  used  at  least  since  be¬ 
fore  World  War  II,  their  introduction  into  motor-case  use  has  been  quite  recent.  Typical 
values  which  have  been  obtained  in  wire -wrapped  resin-bonded  motor  cases  are  as 
follows;^  *6) 


•pH  e  pr*  :n<J<  *>«•*  '*"b‘c  .".cb. 
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000 

Circumferential  elastic  modulus,  psi  12  x  10^  to  18  x  10“ 

Due  to  the  rapid  development  of  glass -filament -wound  motor  cases,  there  has  been 
a  decrease  in  interest  in  wire-wrapped  cases.  However,  the  use  of  beryllium  wire 
shows  sufficient  potential  that  there  may  be  some  interest  in  its  use  as  a  wire  wrap  for 
motor  cases  of  the  future. 

Although  glass-filament-wound  rocket  cases  have  been  under  intensive  development 
since  1947(17)  from  several  aspects  {design  and  materials,  including  glass,  resin,  and 
coupling  agent),  reliably  attainable  composite  strength/density  values  are  still  only  ap¬ 
proximately  1.67  million  psi/pci.  ** 

Since  the  procedures  and  terminology  used  in  glass -filament  winding  is  somewhat 
peculiar  to  this  field,  it  is  well  to  define  some  terminology  as  follows: 

A  glass  filament  is  an  individual,  long  (essentially  continuous)  piece  of  glass  ap¬ 
proximately  4  to  12  microns  in  diameter.  These  very  fine  filaments  are  gathered  into  a 
bundle  called  an  end  or  strand.  There  are  usually  either  204  or  408  filaments  per  end. 

There  are  three  major  methods  of  packaging  these  strands;  the  most  widely  used 
one  for  filament  winding  results  in  a  loose,  very  slightly  twisted  group  of  strands  known 
as  a  roving. 

There  are  two  basic  methods  of  filament  winding: 

(1)  Wet  winding,  in  which  the  resin  is  applied  wet  to  the  roving  just  prior 
to  winding. 

(2)  Dry  winding,  in  which  a  preimpregnate/t  roving  ("prepreg"),  already 
containing  some  resin  and  partially  cured,  is  used.  Then  final  curfc.g 
is  accomplished  by  application  of  pressure  and  temperature  for  an 
adequate  time. 

The  resins  usually  used  in  filament-wound  structures  are  of  either  the  epoxy  or 
polyester  types.  Epoxy  resins  are  the  more  popular  at  present  due  to  their  lower  shrink¬ 
age  and  stronger  resin/glass  bond. 

There  are  additional  bonuses  and  also  many  problems  associated  with  the  use  of 
glass-filament-wound  cases.  One  bonus  la  the  lack  of  catastrophic  (brittle)  failures 
often  associated  with  cases  of  certain  low-ductility  metals.  Th  s  aspect  is  discussed  in 
the  section  on  Static  Mechanical  Behavior.  Another  bonus  is  a  pressure  drop  across  the 
propellant  grain  on  the  order  of  30  to  100  psi.  (**)  This  is  due  to  a  decrease  in  the  ratio 
of  (he  case  radial  stiffness  to  the  propellant  stiffness  compared  with  the  same  ratio  for 
a  metallic  case,  thus,  the  propellant  grain  carries  tome  of  the  pressure  load.  Optimum 
advantage  can  be  taken  of  this  factor  only  whon  (l)  the  combustion  pressure  is  relatively 
low  or  when  the  propellant  has  high  ductility  (otherwise  grain  cracking  may  occur  during 
firing),  and  (2)  the  highest  burning  pressure  occurs  early  in  the  firing  (otherwise,  when 
the  grain  has  burned  away  and  thus  cannot  carry  much  pressure,  the  case  would  be  ex¬ 
cessively  loaded). 


Composite  strength* /density ,  psi/pci 
Longitudinal  elastic  modulus,  psi 


692,000  to  1,102. 
5  x  10^  to  9  x  10“ 


*Coinpoiltc  rtr*ngth  !■  vellneH  In  the  tedion  on  S':*iciut»l-Wetght  Material  Indexes. 

*T!.u  value  I)  for  Type  E  glut  with  an  HTS  flnlih,  wound  by  numerical  control,  |n  tire  near  future,  with  the  Introduction  of 
hlgh-wcngth  gtau  fiber,  even  hlglrcr  value*,  probably  over  2  million  nti /pel,  can  be  expected 
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Problem*  associated  with  the  use  of  glass-filament-wounc.  cases  include: 

(1)  The  need  for  metallic  inserts,  filament-wound  in  place,  for  the  forward- 
boss  and  skirt  attachments,  and  for  nonpolar  openings,  when  required, 
in  the  end  closures.  ( *9)  in  addition  to  the  weight  penalty  of  the  attach¬ 
ment,  difficulties  have  been  encountered  with  shear  failures  at  the  bond, 
but  these  have  been  eliminated  in  at  least  one  instance  by  use  of  an 
elastomeric  adhesive.  (^0) 

(2)  The  severe  degradation  of  the  elastic  modulus  and  strength*  at  moder¬ 
ately  elevated  temperatures  (discussed  in  more  detail  in  the  section  on 
Environmental  Effects).  This  problem  may  be  minimi’/.ed  somewhat  by 
the  use  of  more  insulation. 

(3)  Stress  crazing  of  the  reeint^l)  and  resin  failures  due  to  the  excessive 
strain  concentration  in  filament-wound  resin  structures  loaded  in 
tension  perpendicular  to  the  filament  direction  (i. e.  ,  the  axial  tension 
ir.  a  hydrotest  of  a  circumferentially  wrapped  motor  caue)^^. 

These  phenomena  do  not  necessarily  cause  premature  failure,  and 
several  approaches  toward  eliminating  them,  or  at  le«et  reducing 
their  severity,  are  under  way. 

(4)  Detrimental  effects  of  breakage  of  one  or  more  individual  filaments 
within  the  composite.  (2*)  These  are  closely  related  to  the  distances 
required  to  transfer  shear  through  the  resin  across  the  gap  between 
the  broken  part*  of  the  filament*. 

(5)  Abrasion  damage  to  glass  filaments  during  winding  processes.  The 
pr  sent  state  of  the  art  is  such  that  this  problem  has  not  been  com¬ 
pletely  eliminated.  This  abrasion  damage  can  be  minimised  by  the 
application  of  suitable  coupling  agents  and  sixes. 

(6)  Scatter  (large  standard  deviation)  in  strength  values.  In  a  motor 
case  this  could  be  due  to  Items  (3)  and  (4)  above,  plus  voids  In  the 
resin,  inadequate  coupling  agents  and  resin  coatingst2*) ,  and  the  in¬ 
herent  scatter  in  the  tensile  strength  of  the  glass  filaments  them¬ 
selves^),  However,  standard  deviations  as  low  as  3.  5  per  cent  of 
the  mean  have  recently  been  achieved.  This  is  comj  arable  to  values 
obtained  with  monolithic  metaliic  structures. 

(7)  Resin  shrinkage,  largely  thermal  shrinkage  due  to  cooling  from  the 
curing  temperature  to  room  temperature. (26) 

(8)  The  present  difficulty  in  making  a  filament-wound  m>  tor  case  with  a 
removable  end  closure.  With  a  monolithic  metallic  case,  however, 
this  is  being  done  rather  easily. 


,1.  fly  be  •?»»»?  trrnpih,  whit*  r«i|r»i  <n  connection  with  Jtt4cimicnt  to  uic  ikift. 
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The  determination  of  the  critical  buckling  loads  for  any  filament-wound  structure 
is  complicated  by  the  fact  that  its  structural  behavior  is  anisotropic*.  Although  the  rela¬ 
tionship  between  axial  and  hoop  strengths  against  internal  pressure  can  readily  be  deter¬ 
mined  by  the  number  of  windings  in  each  direction,  the  picture  is  much  more  complicated 
for  buckling.  Also  glass-filament-wound  cases  have  had  a  poor  reputation  in  regard  to 
buckling  resistance.  However,  on  the  basis  of  weight  to  resist  budding  due  to  a  given 
load  (as  represented  by  the  structural  index  for  buckling,  >/E/d),  glass -filament  cases 
are  currently  more  efficient  than  steel  ones.  (See  the  section  on  Structural-Weight 
Material  Indexes). 

New  developments  in  glass -filament  winding  include  investigation  of  preimpregnated 
("pre-preg")  rovings  to  replace  the  wet-winding  method  currently  used.  Results  do  not 
appear  to  be  favorable  enough  yet  tc  warrant  a  change  at  this  time.  Another  new  de¬ 
velopment  of  promise  is  high-strength  glass  fibers  with  a  fiber  strength/density  of 
7.  8  million  psi/pci.  (^®) 

A  recent  milestone  in  the  development  of  glass -filament  winding  is  the  fabrication 
of  a  30,000  gallon,  13-foot-diameter  booster  case.  (^9)  Serious  consideration  is  being 
given  to  the  advantages  of  filament  winding  Nova-class  SPR  space  boosters  at  the  launch 
site. 


Some  interesting  design  concepts  to  try  to  improve  the  buckling  strength  of  glass- 
filament-wound  motor  cases  include  hollow  filaments  (to  achieve  greater  bending  stiff¬ 
ness  per  unit  weight)  and  ordinary  filaments  wrapped  over  a  series  of  longitudinal  metal¬ 
lic  tubes  welded  together  in  a  cylindrical  configuration. 

A  design  concept  that  would  eliminate  the  filament-wound  structural  problems 
which  are  due  to  resin  weakness  is  am  all-metal  filament-wound  construction.  The  basic 
idea  here  would  be  to  eliminate  the  resin  and  substitute  either  a  welded  or  brazed  joint 
instead.  There  are  obviously  marny  problems  of  a  fabrications!  and  metallurgical  nature 
which  would  have  to  be  worked  out  before  a  motor  case  could  be  successfully  made  in 
this  fashion. 

In  view  of  the  lim'.tations  of  glass-filament-wound  cases  as  described  above,  sev¬ 
eral  new  composite-structural  concepts  have  recently  been  under  development  for 
rocket-case  applications.  One  of  these  is  the  glass-filament-wound  aluminum-alloy  case 
which  has  achieved  strength /density  an<*  buckling  indexes  slightly  better  than  those  for 
current  glass -filament  cases.  Other  advantages  claimed  for  glass  -aluminum  composite 
cases  are  cost,  weight,  and  reliability  advantages  in  short  cai  es  with  multiple  openings 
and  in  motor  cases  which  are  so  large  that  a  segmented  design  is  mandatory.  (30)  In 
such  Instances,  the  glass-aluminum  composite  should  give  a  much  more  simple  design 
at  the  attachments  and  fittings. 

Another  new  composite-structural  concept  which  is  currently  under  development  is 
a  sandwich  case  consisting  of  glass-fiber-resin  facings  and  an  aluminum  honeycomb 
core.  Although  this  type  of  structure  would  not  be  advantageous  for  designs  in  which  in- 
•ernal  pleasure  is  the  critical  loading,  it  appears  to  be  quite  competitive,  on  a  weight 


Alitmooh  a  fi -wrt.mA  ...  . .  i  composite  d  i . «  u:i,  njujpit  elements,  it  ociu\ct  it  tl 

it  s,c'c  made  of  i  vsmogrnsroMS  material  with  anlsottopic  (nomsotropiQ  elastic  properties,  t.e. .  clastic  properties  varying  Kith 
the  lest  <Ji  emon.  Thus,  filament  structures  are  said  to  be  constructionally  aniiotropic.  If  the  directions  of  the  windings  arc  ar 
'  a''*  hu.1  mr  ptrfcndu olar.  tlx  maximum  and  minimum  clastic  moduli  ate  in  the  winding  directions  and  the  composite  is 
<  iiu'.fiictaiid)!}  orihoropic. 
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basis,  with  glass -aluminum  composites  for  designs  governed  by  buckling.  It  is 
claimed^1)  that  the  weight  required  for  such  a  case  is  independent  of  axial  load;  this  is 
unlike  monolithic,  filament-wound,  and  other  nonsandwich-typc  cases  in  which  the  weight 
increases  with  axial  load  at  sufficiently  high  load  values. 

Conventional  all-metal  sandwich  structures  (even  when  the  metal  is  beryllium)  are 
not  as  light  in  weight,  for  the  same  load-carrying  capacity,  as  the  glass-filament/ 
aluminum  sandwich  structure  described  above.  However,  in  certain  instances  such  as 
in  very  large  first-stage  boosters,  where  minimum  cost  is  more  important  than  mini¬ 
mum  weight,  this  type  of  composite  construction  should  be  considered.  Various  core 
geometrical  configurations  have  been  investigated,  including  honeycomb  core,  truss  or 
corrugated  core,  and  dimpled  core. 


STRUCTURAL  SAFETY  AND  RELIABILITY 


In  current  missile  design  usage,  there  are  two  general  philosophies  or  methods  of 
approach  to  determining  the  relationship  between  mechanical  properties  of  structural 
materials  and  calculated  structural  parameters.  The  uider  of  the  two  philosophies  is  the 
uniform  factor -of-safety  approach  and  the  other  is  the  statistical  reliability  approach, 
which  also  utilises  factors  of  safety. 


Uniform  Factor  of  Safety  Approach 


In  designing  aerospace  structures,  following  the  long-established  practice  in  civil 
engineering  structures,  it  has  become  customary  to  incorporate  so-called  factors  of 
safety.  A  factor  of  safety  is  really  a  contingency  and  ignorance  factor  to  provide  for  un¬ 
expected  contingencies  and  uncertainties  in  determining  loading  spectra,  computing 
stress  or  buckling  phenomena,  and  determining  material  properties.  Numerous  factors 
of  safety  are  in  current  use;  these  depend  on  the  kind  of  service,  type  of  loading,  and 
mode  of  failure  involved. 

A  factor  of  safety  can  be  defined  broadly  as  the  ratio  of  the  level  of  a  quantity  which 
will  produce  failure  (by  a  particular  mode  and  for  a  particular  ype  of  service  and  kind  of 
loading)  to  the  design  value  (or  expected  value)  of  the  same  quantity.  The  "quantity"  re¬ 
ferred  to  may  be  a  load  (such  as  the  axial  compressive  load  or  bending  moment  which 
will  cause  buckling)  or  a  stress  value  (such  as  the  yield  strength  in  tension,  F.  ,  or  ulti¬ 
mate  tensile  strength,  Ftu). 

"or  the  case  of  combined  loadings  which  induce  buckling,  various  interaction  equa¬ 
tions  arc  in  use*.  For  loadings  which  produce  failure  due  to  excessive  stress,  principles 
o:'  combined  stresses**  and  an  appropriate  combined-stress  failure  envelope  (such  as  the 
one  detined  for  yielding  in  the  section  on  Biaxial  Stress-Strain  Behavior)  is  used. 


I  (9)  111  Appendix  A  of  tins  report  for  an  cxarnpi*'  of  40  interaction  equation  Nurrciouv  interaction  equation*  arc 

pH*' fund  on  ,  agt  JJ'»  of  Ref  fierce  (i) 

** St  v  .»*i\  xt  on  ■*!  :»ci:l«tr\  me**  analyst*  (urcaptf  of  material;). 
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The  values  used  for  factors  of  safety'  in  missile  design  arc  carryovers  from  the 
values  used  success  .illy  for  many  years  in  the  aircraft  industry.  In  aircraft  design,  a 
factor  of  safety  of  i.  b  is  used  for  ultimate  failure  and  a  factor  cf  safety  of  1.0  is  used 
for  yielding*.  The  design  of  a  given  structural  component  is  then  governed  by  either 
F.,,/1.5  or  F.../1.0,  whichever  is  the  smaller  of  the  two.  For  materials  with  ratios  of 

IU  i) 

F,u  to  Fty  of  approximately  l.o.  which  was  typical  of  many  common  aircraft  materials 
used  in  the  1930’»  and  l'MO's,  there  was  little  difference  between  the  vrlues  of  Flu/I.  5 
and  Fty/1.0.  However,  as  materials  of  higher  strength  were  developed,  the  Ftu^Fty 
ratio  continually  decreased.  (^2)  Thus,  modern  aircraft  design  came  to  be  governed  by 
Flu  rather  than  Ftv. 

The  general  philosophy  behind  the  establishment  of  factors  of  safety  for  missile 
structural  design  was  that,  if  failure  of  a  structural  component  would  result  in  loss  of 
life  to  either  crew  members  or  ground  personnel,  the  factor  of  safety  should  be  the  same 
as  for  aircraft  design.  However,  for  unmanned-vehicle  structural  components  in  which 
failure  would  not  result  in  loss  of  life,  it  was  believed  that  the  ultimate  factor  of  safety 
could  be  decreased;  this  resulted  in  some  weight  savings.  Later,  due  to  some  early  ex¬ 
perience  with  pressure-vessel  failures,  it  was  decided  to  use  an  ultimate  safety  factor 
of  Z.  0  for  pressuiized  components  which  would  cause  loss  of  life  if  they  failed.  Typical 
minimum  structural  factors  of  safety  in  current  missile-design  use  are  summarized  in 
Table  4. 


TABLE  4.  TYPICAL  MINIMUM  FACTORS  OF  SAFETY 

FOR  MISSILE  STRUCTURES 

Condition 

Based  on 

Yield  Strength 

Based  on 
Ultimate  Strength 

Unmanned  vehicles  and  no  hazard  to 
personnel  involved 

LOO 

1.  10  to 

1.25 

Unpressurized  components  in  manned 
vehicles  or  involving  personnel  hazard 

1.00 

1.  50 

Pressurized  components  in  manned 
vehicles  or  inv  living  personnel  hazard 

1.00 

2.00 

It  is  the  usual  practice  to  U3e  a  factor  of  safety  of  1.  0  for  buckling  failures,  re¬ 
gardless  of  whether  the  phenomenon  occurs  in  the  elastic,  elastoplastic,  or  plastic 
ranges  of  the  material.  In  the  past  it  has  been  customary  to  use  buckling  loads  deter¬ 
mined  experimentally,  since  theoretically  determined  buckling  loads  or  shell-type  struc¬ 
tures  have  been  found  to  be  "unronservat’vc"  (i.  e.  ,  higher  tlian  the  actual  values  deter¬ 
mined  experimentally).  These  discrepancies  are  probably  due  to  geometrical 
imperfections  in  actual  structures  and  «.o  the  large  (nonlinear)  deflections  that  actually 
occur,  while  the  theory  assumes  small  (linear)  deflections.  us> 


•In  .urcraf'  parlance  th<-  —  i:n  cupccied  load  divided  by  |.S  va«  called  ihe  limn  load,  and  It  wai  enpecicd  ili.ii  no  per- 
wAncrc  dr'rrtsailfn  *cj  d  rt-sult  fro***  i*n:a  loads. 

m"\  *«<  *n.  friCJ.  ncniin  ar,»  :s  isot  u  confused  with  norlwcarm  of  the  stress  strain  relation,  inch  as  that  associated  with 

**  ISt.r  deJof  tiJtti'f' 
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Statistical  Reliability  Approach 


Due  to  minimum-weight  consideration*,  there  is  considerable  impetus  toward  : e- 
ducing  the  factors  of  safety,  where  consistent  with  maintaining  an  acceptable  reliability 
level.  Lowering  the  factor  of  safety  can  result  in  a  decrease  in  structural  reliability. 

With  the  growing  application  of  statistical  reliability  concepts  to  electronic  components 
and  systems,  particularly  ui  missile  applications,  it  was  natural  to  apply  this  approach 
to  missile  structures.  In  this  approach  to  structural  integrity,  structural  reliability  is 
quantitatively  defined  as  the  probability  of  success  of  the  structure  in  performing  its 
function  under  the  operational  environment  assumed  for  the  d*«i«»n. 

Since  structural  reliability  is  defined  as  a  pr  obability,  in  order  to  assess  struc¬ 
tural  reliability  it  is  necessary  to  consider  the  statistical  variation  of  both  applied 
stresses  and  the  strength  of  the  structure.  As  a  hypothetical  example.  Figure  4  illus¬ 
trates  results  of  a  number  of  experimental  measurements  of  stress  due  to  applied  load 
and  of  failure  strength  of  a  structure.  For  convenience,  both  types  of  data  are  plotted 
in  the  same  units,  viz.  ,  stress,  expressed  in  ksi.  Individual  stress  values  are  plotted 
on  the  left.  The  resulting  frequency  distribution  is  plotted  on  the  right. 

In  the  following  considerations,  it  is  assumed  that  the  frequency  distributions  are 
normal  (Gaussian)  distributions*  and  changes  with  respect  to  time  are  neglected.  A 
normal  distribution  is  completely  defined  by  the  mean  value  and  the  standard  deviation, 
which  is  a  measure  of  variability  or  scatter  about  the  mean. 

For  the  normal  distributions  shown  m  Figure  4,  there  is  an  overlap  of  the  applied- 
stress  and  strength  distributions.  The  definition  of  structural  reliability  given  previously 
can  now  be  restated  as  follows:  structural  reliability  is  the  probability  that  the  strength 
exceeds  the  applied  stress.  Then,  still  assuming  normal  distributions,  structural  reli¬ 
ability  depends  upon  the  standard  deviations  and  the  difference  between  the  means.  The 
crux  of  designing  a  structural  component  to  a  desired  reliability  level  is  the  proper  se¬ 
lection  of  this  difference  between  the  means.  This  difference  between  the  means  is 
called  the  margin  of  safety  and  can  he  expressed  in  the  following  ways: 

(1)  As  a  fixed  stress  difference  in  psi  (or  ksi). 

(2)  As  a  fixed  ratio**  of  the  above  difference  to  the  applied  stress. 

(3)  As  a  fixed  number  of  standard  deviations,  tr,  of  the  differences  be¬ 
tween  the  individual  values  of  the  strength  and  applied  load.  Statis¬ 
tically,  this  quantity  is  given  by 

U2Z  , 

where  a  j  and  a ^  are.  the  respective  standard  deviations  of  the  strength 
and  applied  stress. 


i  iiuili.iiutic.il  function  which  fits  the  ictus!  tlita  better  esn  be  Med.  if  denied. 

"  I  tin  ruin  i!  thneev  nlilui  n  the  fictoi  of  tifcl”.  in  fict.  n  it  the  field  of  lifeti  ntinut  otic. 
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FIGURE  4.  EXAMPLE  SHOWING  VARIATIONS  IN  STRENGTH 
AND  APPLIED  STRESS 

Factor  of  safety  is  1.33;  structural  reliability  ia 
0.9871,  assuming  normal  distributions. 
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To  ensure  a  uniform  structural  reliability,  it  is  necessary  to  use  the  third  method 
of  specifying  the  margin  of  safety.  As  a  guide  in  selecting  the  margin  of  safety  appropri¬ 
ate  to  any  desired  structural  reliability  level,  the  following  tabulation  is  useful: 

Structural  Reliability  Margin  of  Safety,  numbers 
_ Level _  of  standard  deviations 

0. 5000  0 

0.9000  1.28 

0.9500  1.64 

0.  9900  2.  33 

0.9990  3,09 

0.9999  3.71 

In  this  tabulation  it  is  noted  that  any  increase  in  margin  of  safety  beyond  approxi¬ 
mately  three  standard  deviations  provides  very  little  increase  in  reliability. 

As  an  example,  it  is  conceivable  that  a  structure  could  have  a  higher  mean  strength 
(and  thus  a  higher  factor  of  safety,  assuming  the  same  load  distribution)  than  the  struc¬ 
ture  in  Figure  4  and  yet  have  a  lower  reliability,  provided  that  the  higher-mean-strength 
structure  has  a  wider  scatter  in  its  strength  values.  In  other  words,  factors  of  safety 
are  still  used  in  the  statistical  reliability  approach,  but  they  vary  depending  upon  the 
frequency  distributions  of  the  strength  and  applied-stress  values. 

Although  the  approach  described  here  is  a  sound  one,  it  is  only  one  of  many  varia¬ 
tions  of  the  same  statistical  reliability  approach.  Some  of  the  other  approaches  in  use 
are  more  sophisticated;  others  are  quite  simple  (and  more  uncertain)  -  for  instance,  use 
of  material-property  minimum  values  is  a  simple  attempt  to  achieve  a  more  uniform 
reliability  level  throughout  a  structure.  The  growing  use  of  the  statistical  reliability  ap¬ 
proach  to  structural  integrity  has  given  considerable  impetus  to  statistical  analysis  of 
applied  load  spectra,  buckling  loads,  burst  strengths,  and  material  properties.  As  the 
use  of  materials  with  lower  ductility  increases,  it  is  expected  that  the  statistical  reli¬ 
ability  approach  will  become  increasingly  important. 

'rhe  above  discussion  was  limited  to  a  simple  structural  clement  and  did  not  con¬ 
sider  complicating  factors  such  as  series  components,  parallel  components,  and  multiple 
modes  of  failure.  These  factors  are  briefly  discussed  in  the  next  few  paragraphs. 

When  structural  components  function  in  series*  fashion,  ruch  as  the  links  of  a 
chain,  the  over-all  structural  reliability,  R,  is  equal  to  the  product  of  the  structural 
reliabilities,  rj,  of  the  individual  components.  Thus, 

R  «  r  j  x  r^,  . . .  x  rn, 

where  n  is  the  total  number  of  components  in  series.  In  this  instance,  if  there  is  a  large 
number  of  components,  the  reliabilities  of  the  individual  components  must  be  quite  high 
in  order  to  achieve  a  reasonable  over-all  reliability. 


*!!*"  fi.i  fruiter  :c.;r  to  .‘_i,c  tionai  iumiuct<mom,  not  to  physical  airangement.  Thus,  the  technical 

definition  of  a  senes  system  it  one  in  which  each  component  function!  Independently  of  any  othet  component,  end  the  system 
fatlt  when  anv  one  component  falls.  Slmlla/ly,  a  parallel  (or  redundant)  system  is  one  in  which  each  compotert  function.  . i.Jc  - 
pcnrter.tl)  of  any  oth e-  component,  tan  the  ty.tctn  docs  not  fail  unless  all  of  the  components  fall  (since  the  components  have 
diij.lirstr  functions) 
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Another  way  of  arranging  multiple  components  is  to  put  them  in  parallel.’'  Such 
a  system  is  called  a  redundant  system  and  its  over-all  reliability  is  given  by 

R  .  1  -  (1  -  rt)  (1  -  r2)  ...  (I  -  rn). 

In  a  redundant  structural  system,  the  over-all  reliability  is  greater  than  the  reli¬ 
abilities  of  any  of  the  individual-component  reliabilities. 

In  actual  structures,  it  takes  considerable  judgment  on  the  part  of  the  designer, 
backed  by  sufficient  experimental  failure  data,  to  determine  the  type  of  interactions,  if 
any,  which  exist  between  various  modes  of  failure.  For  example,  if  all  of  the  modes  of 
failure  of  a  structure  are  independent  of  each  other  and  there  arc  no  parallel  load  paths, 
the  structure  can  be  considered  to  be  a  series  system.  However,  if  there  are  interac¬ 
tions  between  the  various  failure  modes,  the  strength  of  the  component  may  be  deter¬ 
mined  by  the  worst  combination  of  failure  modes  interacting  with  each  other. 


STATIC  MECHANICAL  BEHAVIOR 


Biaxial  Stress-Strain  Behavior 


A  biaxial  stress  field  is  a  stress  system  in  which  e^o  of  the  three  principal 
stresses**  are  not  negligible.  In  a  motor  case,  the  negligible  prmcipal  stress  is  the  one 
in  the  thickness  direction.  This  is  in  contrast  to  a  uniaxial  stress  field,  such  as  that 
acting  in  an  ordinary  tensile  specimen,  which  has  only  one  principal  stress  of 
significance. 

The  biaxial  ratio  is  defined  as  the  ratio  of  one  of  the  biaxial  principal  stresses  to 
the  other,  the  latter  being  taken  as  a  reference.  It  is  customary  to  take  the  circum¬ 
ferential  direction  as  the  reference  direction.  Thus,  in  the  cylindrical  portion  of  a 
motor  case,  the  biaxial  ratio  is  simply  the  ratio  of  the  axial  stress  to  the  circumfer¬ 
ential  stress.  Using  elementary  statics,  it  can  be  shown  that  the  biaxial  ratio  in  the 
cylindrical  portion  of  a  case  under  internal  pressure  only  is  0.  5,  except  near  the  end 
closures.  The  biaxial  ratio  in  the  vicinity  of  the  closures  and  in  the  closures  themselves 
depends  on  the  geometrical  configurations  of  the  end  closures.  When  a  case  is  subjected 
to  axial  compression  in  addition  to  internal  pressure,  the  bia:  ial  ratio  decreases  from 
the  0.  5  value ,  the  exact  amount  depending  on  the  t  dative  magnitude  of  the  externally  ap¬ 
plied  compressive  stress. 


•Here  the  team  "tetlei"  and  'parallel"  refer  to  f unctior.il  coralderatloni,  not  tophydcal  arrangement.  Tltur,  the  technical 
definition  of  a  ■etiet  lyttem  it  one  in  which  each  component  function*  independently  of  any  other  component,  and  the  ryncin 
faih  when  any  one  compor.cn,  fall).  Similarly  a  parallel  (oi  redundant)  tyneiri  it  one  in  wliidt  each  component  function! hide 
pcndcntly  of  any  other  component,  but  the  ;yuem  doer  not  fail  union  all  of  the  component!  fail  'itnce  the  component!  have 
funcii."*;!, 

“If  one  ptopcrly  iclr.cn  tnc  orirciitlor  of  a  unall  element  of  a  ittuctuie,  there  ti  alwayi  tome  orientation  in  which  there  a.c  no 
(hear  acting,  only  norm  at  (direct)  itrcuct.  The  valuci  of  tin.  nutuial  ilicuci  acting  on  an  element  oriented  In  mill  a 

fahuon  t:>  called  principal  muter.  The  iiumcneall)  laigot  of  then  />  tinned  the  maximum  principal  men. 
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The  effective  modulus  of  elasticity  is  defined  as  the  slope  of  the  clastic  (straight- 
line)  portion  of  the  maximum  principal  stress  —  principal  strain*  curve.  For  tension- 
tension  loading  (biaxial  loading  in  which  the  biaxial  principal  stresses  are  both  tension 
stresses),  the  effective  modulus  is  always  larger  than  the  uniaxial  modulus,  while  for 
tension-compression  loading,  the  modulus  is  always  smaller  than  the  uniaxial  one.  In 
the  plastic  range,  a  tension-tension  biaxiality  raises  the  stress  ordinate  of  the  stress- 
strain  curve  and  decreases  the  strain  abscissa.  Typical  stress-strain  curves  for 
A1SI  4340  steel,  heat-treated  to  an  ultimate  tensile  strength  of  260,000  psi  and  subjected 
to  biaxial  tension  loading,  are  shown  in  Figure  5.  (33) 

In  uniaxial  tension,  the  usually  accepted  criterion  for  determining  the  yield 
strength  is  the  stress  value  corresponding  to  a  plastic  strain  (offset  value)  of  0.  2  p~r 
cent.  However,  in  biaxial  stress  fialds,  the  effect  of  this  same  offset  is  not  equivalent, 
m  terms  of  yielding,  to  its  effect  under  uniaxial  conditions.  Therefore,  a  different  cri¬ 
terion,  which  gives  a  biaxial  offset  strain  equivalent  to  a  given  uniaxial  offset  strain, 
must  be  used.  (34)  This  offset  under  biaxial  conditions  is  always  less  than  the  uniaxial 
value.  For  a  biaxial  ratio  of  0.  5  (and  2.  0),  the  offset  strain  is  86.  6  per  cent  of  the  uni¬ 
axial  offset;  for  a  biaxial  ratio  of  unity,  the  offset  strain  reaches  its  minimum  value  of 
one-half  of  the  uniaxial  offset. 

Theoretically,  for  a  perfectly  ductile  material,  there  is  an  increase  in  yield 
strength  of  15  per  cent  (compared  to  the  uniaxial  tension  >ield  strength)  at  a  biaxial  raUo 
of  0.5.  However,  for  many  actual  rocket-case  materials,  the  increase  in  yield  strength 
under  such  conditions  is  slightly  less.  For  example,  A1SI  4340  steel  over  a  range  of 
heat  treatments  from  180,000  to  260,000  psi  Ftu  has  an  increase  of  approximately  12  per 
cent,  as  shown  in  Figure  6.  Since  the  yield  strength  depends  only  upon  the  material, 
condition,  size,  biaxial  ratio,  and  test  temperature,  it  can  be  considered  to  be  strictly 
a  property  of  the  material. 

In  the  motor-case  field,  the  use  of  a  proof  test  has  become  customary.  In  connec¬ 
tion  with  this  test,  there  is  a  pressure  and  a  corresponding  hoop  stress  at  which  no  ap¬ 
preciable  yielding  takes  place  in  hydrotest.  In  actual  practice,  it  is  difficult  to  deter¬ 
mine  the  exact  stress  corresponding  to  proof  conditions;  thus,  the  u*»  of  a  slightly  modi¬ 
fied  definition  is  necessary.  The  proof  stress  is  then  defined  as  the  stress  corresponding 
to  an  arbitrary  small  plastic  strain,  usually  0.01  per  cent.  The  proof  stress  can  be  de¬ 
termined  in  various  ways,  such  as  from  full-scale  motor-chamber  hyurotest  or  from 
small-scale  cylindrical  specimen  tests  (such  as  used  to  obtain  the  curves  in  Figure  6). 

Unlike  the  ultimate  tensile  strength  as  determined  in  a  i  imple  tensile  test,  llie 
ultimate  strength  of  a  motor  case  is  not  a  fundamental  material  property.  In  motor-case 
design,  the  burst  strength,  as  determined  in  hydrotests,  is  the  ultimate  strength  prop¬ 
erty  used  for  design  purposes.  This  subject  is  treated  in  the  next  section. 


Burst  Behavior  of  Motor  Cases 


The  ultimate  tensile  strength  as  determined  in  a  simple  uniaxial  tensile  tost  de¬ 
pends  only  upon  the  material,  condition,  specimen  size,  anti  test  temperature.  The 
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FIGURE  5.  TYPICAL  IJIAXIAL  STRESS-STRAIN  CURVES  AT  ROOM 
TEMPERATURE  FOR  AISI  4340  ALLOY  -STEEL 
CYLINDERS,  Ftu  ■  260  KSI 

A  biaxial  ratio,  B,  of  zero  correaponda  to  the 
circumferential  direction.  Data  from 
Reference  33. 
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FiG!Ji<£  6.  HIAX^AL  YIELD-STRENCTJl  ENVELOPE  A1  ROOM  TEMPERATURE 
/•OR  AJSJ  4340  ALLOY-STEEL  CYLINDERS,  Ftu  =  180  TO  260  KSI 

Pty  and  Ftu  measured  in  the  circumferential  direction.  Based  on 
data  from  Reference  33. 
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burst  strength*  of  a  motor  case  is  known  to  depend  upon  all  of  these  factors  and  also 
upon  the  geometrical  configuration  (cylinder,  sphere,  or  flat  sheet).  For  »  cylindrical 
case,  it  is  further  dependent  on  the  ratio  of  the  cylindei  length  to  its  diameter  and  on  the 
shape,  thickness,  material,  and  condition  of  the  end  closures.  Although  a  general  thee, 
retical  analysis  taking  all  of  these  factors  into  account  has  not  yet  been  accomplished, 
experimental  evidence  suggests  that  the  shorter  the  vessel  in  relation  to  its  diameter  and 
the  stiffer  its  end  domes  in  relation  to  the  cylinder  stiffness,  the  higher  will  bo  the  burst 
strength,  (^)  This  is  in  keeping  with  the  concept  that  a  short  vessel  owes  its  additional 
strength  to  the  girdle-restraint  effect  of  the  end  closures.  (3^)  Also,  from  theoretical 
and  experimental  studies,  for  instance  Reference  (37),  it  is  known  that  the  lower  the 
i  strain  hardening41*,  the  greater  will  be  the  burst  strength  /ultimate  tensile  strength  ratio. 


Effect  of  Small  Flaws 


For  internal-pressure  vessels  made  of  materials  with  relatively  high  ductility’1'**, 
there  is  usually  no  difficulty  in  reaching  the  burst  strength  of  the  vessel  even  when  fairly 
severe  local  flaws  arc  present.  However,  steels  with  high  strcngih/dcnsity ,  achieved 
by  tempering  at  low  temperatures,  have  low  strain-hardening  and  ductility  as  meas¬ 
ured  in  a  uniaxial  tensile  test.  This  means  that  stress  raisers  due  to  local  flaws  of  a 
metallurgical  or  mechanical  nature  do  not  have  sufficient  opportunity  to  "smooth  out"  and 
decrease  in  value.  Consequently,  the  high  local  stresses  reached  at  such  flaws,  even  at 
quite  low  values  of  the  nominal  stress,  can  be  sufficient  to  produce  premature  failure. 

The  appearance  of  failures  due  to  such  flaws  gave  little  if  any  evidence  of  plastic  de¬ 
formation,  so  such  flaw-imtiated  failures  are  termed  brittle  or  cleavage  fractures.  Fur¬ 
thermore,  such  failures  occur  catastrophically,  that  is,  with  one  or  more  cracks  propa¬ 
gating  at  high  speeds.  This  topic  has  been  treated  extensively  in  previous  DMIC  re- 
ports.  (38-40)  Some  of  its  design  implications  are  discussod  briefly  here. 

The  flaw-failure  phenomenon  very  definitely  limits  the  maximum  heat-treatment 
level  practicable  for  sheet  materials,  as  shown  qualitatively  in  Figure  7  for  a  typical 
high-strength,  low-ductility  material.  **** Several  different  approaches  have  been  used  to 
predict  thia  phenomenon  quantitatively  on  the  basis  of  theory.  One  of  these  approaches 
is  based  on  ductility  considerations  in  conjunction  with  the  concentration  of  strain  at  a 
flaw,  t**)  Another  approach  is  based  on  fracture  toughness  as  measured  in  notched-sheet 
tensile  tests.  (4^)  Although  brittle  failure  has  been  observed  in  uniaxial  tensile  tests  on 
flat  sheet  specimens  containing  a  flaw,  as  well  as  in  rocket-motor  cases,  the  effect  of 
various  amounts  of  biaxiality  on  the  phenomenon  is  not  known  c  uantitatively  at  present. 

Some  of  the  early  problems  of  brittle  fracture  in  rocket  cases  have  been  minimized 
with  increased  experience  ii>  welding  high-strength,  low-ductility  metals.  Improved 
case  manufacturing  methods  which  eliminate  longitudinal  welds  have  also  improved  the 
situation.  Additional  relief  has  beer,  provided  by  improved  inspection  techniques. 


•Ikrt  bunt  strength  refers  in  ilic  nominal  Iwop-mcis  level  corresponding  to  the  maximum  /hunt)  pressure  in  hy*  ten  ol  a  ves¬ 
sel  failing  with  lufficicnt  duct.ni>  rather  than  in  a  lor il  flaw.  Strength  in  lire  prcjencc  of  flaws  it  diicuned  in  the  next 
tccti.  .i. 

“  -Hi  :  Jiacn.n^  ulm  to  me  uignt  mi  teaie  in  urn*  ai  the  main  li  mcreared  In  ilic  plum  range  of  the  stress-strain  curv  . 

***  1’  •  n  no  stands  d  quantita..-/:  d-.firmioii  of  ductility.  It  can  be  exprened  hv  total  elongation  In  a  Icnolt  ti  v  pci  cei.  i> 

'  vi.  ;i  n  area,  J  or  c*  nr  ear-type  fracturi  appearance  or  varioul  Huai  in  cl  ol  liaciure  toughness. 

"“hn  M'«  iioa'iiav. -  .  ft  ■>:  Sifl  found  «>  occur  in  titanium  allo>»  at  well  ai  in  ferrous  and  stainless  steels. 


*A  constant  maximum  flaw  size  is  assumed;  it  ts  the  r  .aximuin  size  of  flaw 
which  escapes  c'etection  by  current  nonde»tructive  testing  methods. 

FIGURE  7.  EFFECT  OF  UL'  IMATE  TENSILE  STRENGTH  AS  OBTAINED  BY  HEAT 
TREATMENT  ON  THE  HOOP  STRESS  AT  BURST  FOR  MOTOR  CASES 
OF  HIGH-STRENGTH,  LOW-DUCTILITY  MAT  Eh  IAL  CONTAINING 
SMALL  FLAWS 


The  strength  in  the  presence  of  a  flaw  of  a  given  type  decreases  quite  severely  <us 
the  length  of  the  initial  flaw  is  increased.  A  number  of  studies  are  being  conducted  to 
predict  such  effects.  It  appears  that  definite  progross  is  being  made  in  determining  the 
strength  of  a  given  sheet  material  in  the  presence  of  a  flaw  of  given  length.  Unfortu¬ 
nately,  this  is  only  half  of  the  problem.  The  other  half  is  concerned  with  inspection  of 
sheet  material  to  determine  the  seventy  of  flaws  present.  Factors  affecting  the  severity 
include  the  flaw  type,  configuration,  and  dimensions,  particularly  either  the  sharpest 
radius  or  the  sharpest  radius  oriented  perpendicular  to  the  largest  tensile  principal 
stress  (usually  the  hoop  stress  in  a  rocket  case). 

The  problems  involving  failure  initiation  in  flaws  in  monolithic  cases  of  high- 
strength,  low-ductility  metals  have  helped  to  focus  attention  on  alternative  materials  - 
notably  glass -filament -wound  composites. 


FATIGUE  BEHAVIOR 


In  considering  a  missile  or  a  cpace  vehicle,  the  problems  of  premature  failure  of 
components  by  fatigue  might  seem  a  remote  possibility.  However,  this  has  not  been 
true  in  practice.  The  severe  environment  is  frequently  more  significant  than  the  rather 
short  exposure  times.  Failure  can  be  generated  by  very-high-frequency  stresses  from 
acoustic  sources.  (43)  On  the  other  hand,  in  some  cases,  failure  has  occurred  in  a  low 
number  of  cycles.  (44)  These  two  aspects  -  low-cycle  fatigue  and  acoustic  fatigue  —  can 
be  of  great  significance  in  design  of  the  missile  system. 


Low-Cycle  Fatigue 


Low-cycle  fatigue  is  failure  that  occurs  from  repeated  cycles  of  high  stresses  or 
strains.  The  cycles  to  cause  failure  may  range  from  1  to  about  10,000  cycles.  In  view 
of  the  short  lifetimes  observed  and  the  high  stresses  that  are  required  to  cause  such 
failure,  it  is  agreed  that  low-cycle  fatigue  results  from  an  accumulation  of  repeated 
plastic  strain. 

One  major  problem  in  tocket-motor  casus  has  been  concerned  with  low-cycle 
fatigue  resulting  from  mechanical  loading. 

The  present  problem  has  grown  out  of  attempts  to  achieve  high  performance  in 
rocket-motor  cases.  In  service  there  cases  are  subjected  to  internal  pressure  high 
enough  to  produce  nominal  hoop  stresses  near  the  yield  strength  of  the  case  material. 

At  various  stages  of  manufacture,  the  cases  are  proof  tested  to  design  stress  with  a 
number  of  internal  pressure  cycles.  Sometimes  the  magnitude  of  the  internal  pressure 
is  increased  with  each  cycle.  Some  failures  of  cases  have  occurred  in  very  few  pres¬ 
sure  cycles  and  frequently  at  stress  levels  substantially  below  design  pressure.  De¬ 
pending  upon  the  material,  these  failures  may  be  "brittle"  in  nature.  This  type  of  be¬ 
havior  represents  more  than  a  fatigue  phenomena  in  the  usual  sense.  The  mechanism 
of  rr.ee  fr--turc,  ..J.ilv  gliwuLicu  u>  ihc  nign  repeated  pressure,  may  actually  result 
from  the  growth  of  microscopic  flaws  to  a  size  where  rapid  crack  propagation  (associated 
with  some  critical  flaw  length)  may  occur  (this  was  discussed  more  fully  in  the  preceding 
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section).  Failures  have  occurred  in  these  hydrotests  in  the  vicinity  of  weld  discontinu¬ 
ities,  either  in  the  case  body  or  in  closures.  These  types  of  failures  lend  credence  to 
the  thought  that  hydrotesting  may  actually  decrease  reliability  since  existing  flaws  may 
progressively  grow  with  successive  pressure  cycles.  {"*5 , 46)  ^  the  end  of  hydrete sting , 
the  flaw  may  be  at  a  critical  size  to  propagate  rapidly  during  the  next  pressure  cycle 
(namely,  firing  of  the  booster). 

In  addition  to  improvements  in  welding  techniques  and  elimination  of  longitudinal 
welds,  the  use  of  an  improved  proof-te sting  procedure,  such  as  the  one  suggested  by 
Corten(^i  may  be  helpfu*  in  alleviating  this  type  of  low-cycle  fatigue. 

To  prcvide  some  insight  into  how  fatigue  considerations  may  affect  material  selec¬ 
tion,  Figure  S  has  been  prepared  from  data  in  the  literature.  Three  materials  are 
represented  on  the  figure:  (1)  D-6ac  steel  heat  treated  to  Ftu  «  270  k#i(*^),  (2)  Ti-6A1- 
4V  heat  treated  to  l?C  ksi(48)>  and  (3)  glass  filament-resin  composite(4^).  These  mate¬ 
rials  arc  representative  of  those  currently  considered  for  use  in  rocket-motor  cases. 

The  fatigue  curves  in  the  figure  are  presented  with  units  of  stress  (as  a  per  cent  of 
ultimate  tensile  strength)  as  the  ordinate  and  log  N  as  the  abscissa,  where  N  is  the  num¬ 
ber  of  cycles  to  failure.  In  the  case  of  the  steel  and  titanium  alloys,  the  data  were  ob¬ 
tained  from  axial-load  fatigue  tests  of  simple  specimens  (i.  e. ,  uniaxial  loading)  where 
the  stress  for  a  given  test  ranged  from  zero  to  some  maximum  tensile  value.  The  glass 
filament-resin  composites  actually  were  filament-wound  spherical  pressure  vessels, 
repeatedly  pressurized  from  ambient  pressure  to  some  maximum  pressure.  Under  this 
condition,  the  stresses  also  ranged  from  zero  to  a  maximum  value.  The  state  of  stress 
was  balanced  biaxial  tension  (i.  e.  ,  the  biaxial  ratio  was  1,  as  defined  in  the  section  on 
Biaxial  Stress-Strain  Behavior). 

The  data  clearly  show  that,  over  all  the  lifetime  range  studied,  there  is  an  appre¬ 
ciable  loss  in  relative  fatigue  strength  of  a  filament -wound  composite  in  comparison  with 
that  of  the  titanium  and  steel  alloys.  It  is  possible  that  the  biaxial  stresses  in  the  com¬ 
posite  may  have  some  effect. 


Acoustic  Fatigue 


Another  source  of  fatigue  damage  that  must  be  considei  sd  in  the  design  of  missiles 
and  space  vehicles  is  that  associated  with  fluctuating  sound  pressure.  This  problem  is 
of  interest  in  rocket-motor-case  design  since  pressure  fluctuations  occur  during  tho  fir¬ 
ing  of  the  engine  and  during  early  powered  flight.  (43, *9 ; 50)  The  pressure  fluctuations 
are  random  in  nature  and  cover  a  wide  range  of  frequencies.  It  is  these  random  pres¬ 
sure  fluctuations  that  can  excite  resonant  dynamic  response  in  the  structure.  Since  fre¬ 
quencies  may  range  in  excess  of  10,000  cycles  per  second  at  sound  levels  greater  than 
170  decibels,  accumulation  of  large  numbers  of  stress  cycles  (associated  with  typical 
response  frequencies)  can  occur  in  relatively  short  periods  of  time. 

There  are  a  number  of  noise  environments  that  may  contribute  to  the  over-all 
.........  c.u  (43. '191  n...  -r  .i _ ........  ..  .i _ _ i _ _ _ _ _  i __ 

j..  »-•  *  ''■  *  “*  *»*v  '  "£>  ’1  *  •  '  "  *«»  ■  '  -  *  «*v.  «  vv  i'vv  vujihiv  ItffVUi  —  *  -  ■* 

launch  and  while  the  vehicle  is  slowly  gaining  speed  and  altitude,  this  is  the  major 
source.  Since  the  sound  pressure  levels  associated  with  each  frequency  are  different 
along  the  length  of  the  vehicle,  it  is  important  in  considering  structural  response  to  Know 
the  characteristics  oi  the  sound  field.  This  includes  not  only  the  root  mean  squart  sound 


FIGURE  8.  COMPARISON  OF  FATIGUE  BEHAVIOR  OF  ROCKET-CASE  MATERIALS 
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pressure  levels,  but  also  their  statistical  distribution,  since  it  may  be  those  levels 
higher  than  the  root  mean  square  level  that  contribute  to  fatigue.  It  should  be  noted  that 
vehicles  launched  from  a  silo  experience  significantly  higher  sound  levels  than  do  pad- 
launched  vehicles.  (49) 

At  subsonic  and  supersonic  speeds,  a  turbulent  boundary  layer  exists  over  much  of 
the  vehicle  surface.  Associated  with  this  turbulent  condition  are  pressure  fluctuations. 

If  there  is  structural  response  to  certain  frequencies,  there  can  be  damage  from  the 
standpoint  of  acoustic  fatigue. 

In  a  missile  in  supersonic  flight,  abrupt  changes  in  static  pressure  (called  super¬ 
sonic  shocks)  may  occur  at  certain  locations,  usually  at  points  where  marked  changes  in 
external  geometry  occur.  These  shocks  are  known  to  move  or  oscillate  and  hence  con¬ 
tribute  to  the  noise  environment.  These  pressure  fluctuations  can  be  intense  and  thus 
constitute  an  important  factor  in  acoustic  fatigue. 

There  are  a  number  of  other  noise  sources  either  about  which  little  is  known  or 
which  are  much  less  important  than  those  described  above.  These  sources  include  noise 
radiation  from  the  turbulent  flow  in  the  wake  of  a  vehicle,  convection  of  atmospheric 
turbulence  through  shock  waves,  etc. 

There  are  several  problems  that  must  be  considered  in  connection  with  acoustic 
fatigue.  Although  it  is  possible  to  indicate  the  various  sources  of  pressure  fluctuations , 
it  is  not  possible  at  present  to  describe  with  high  confidence  the  nature  of  the  pressure 
fluctuations.  Tills  kind  of  information  is  now  being  generated;  without  it,  the  problem  of 
evaluating  structural  response  is  not  precise- 

The  pressure  fluctuations,  covering  a  wide  range  of  frequencies,  no  doubt  excite 
resonant  vibrations  in  the  structure.  This  response  could  involve  more  than  one  mode 
of  vibration  and  would  be  at  descrete  frequencies  in  the  broad  noise  spectrum.  it  is 
these  resonant  vibrations  that  can  lead  to  fatigue  failure.  One  of  the  problems  then  is  to 
determine  these  critical  modes  and  frequencies,  and  the  stresses  associated  with  the 
likely  modes  of  response. 

In  order  to  determine  the  stresses,  the  analysis  must  include  an  estimate  of  the 
vibration  energy  dissipation  (damping).  This  is  necessary  because  if  the  structure  has 
high  damping,  the  stresses  experienced  under  resonant  vibration  will  be  significantly 
reduced.  Although  basic  structural  materials  under  oscillating  load  will  dissipate  small 
amounts  of  energy  by  internal  hysteresis,  material  damping  represents  an  insignificant 
effect  as  contrasted  to  other  damping  mechanisms. 

Structural  damping  is  one  of  the  more  effective  mechanisms  for  dissipating  vibra¬ 
tion  energy.  (49,50)  jt  i*  frequency  insensitive  and  depends  upon  amplitude  of  oscilla¬ 
tions.  It  probably  arises  chiefly  from  slip  at  interfaces  of  joints.  The  mode  of  vibration 
is  an  important  factor  here,  since  the  mode  determines  which  joints  are  highly  loaded 
and  thus  contribute  significantly  to  damping. 

Techniques  which  significantly  increase  damping  of  structure  are  currently  being 
evaluated.  (49)  Theae  involve  the  addition  of  plastic-materia.'  '  damping  compounds", 
wiitv.ii  when  «nidvJ  <ti  proper  points  in  the  structure,  provide  significant  reduction  in  panel 
amplitudes  under  resonant  vibration.  (Some  experiments  have  shown  90  per  cent  reduc¬ 
tions  in  amplitude  and  stresses  compared  with  those  experienced  without  damping.) 
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These  materials  tend  to  offer  high  damping  capacity  over  limited  frequency  and  tempera¬ 
ture  ranges.  In  view  of  the  significant  effect  on  acoustic  fatigue  life,  current  effort  is 
being  directed  toward  broadening  of  the  frequency  and  temperature  ranges  for  which  such 
materials  have  high  damping  capacity.  Also,  effort  is  being  made  to  determine  the  moat 
efficient  way  of  using  these  materials. 


ENVIRONMENTAL  EFFECTS 


Several  factors  are  of  concern  in  considering  possible  effects  of  environment  as  it 
influences  design  of  rocket-motor  cases.  First,  certain  thermal  inputs  may  result  in 
relatively  steady  thermal  stress;  for  example,  aerodynamic  heating,  propellant  burnmg, 
and  radiant  heat  received  during  long-ra:ige  interplanetary  travel.  Cyclic  heat  input  may 
set  up  periodic  thermal  stresses  in  vehicle  structure  when  the  vehiclo  is  orbiting  a  plan¬ 
etary  body  passing  into  and  from  the  shadow  side  to  the  sun  side  of  the  body  repeatedly. 

In  the  former  instance,  where  the  motor  case  is  heated  aerody?  cmically  or  by  propellant 
burning  during  liftoff  and  climb,  thermal  stresses  will  be  superimposed  upon  high 
stresses  due  to  external  and  internal  loads.  The  motor-case-mate  .al  selection,  design 
stresses,  and  certain  design  details  under  such  conditions  probably  will  be  governed  by 
the  mechanical  strength  of  the  case  materia)  at  the  anticipated  working  temperature  of 
the  structure.  In  the  latter  case,  if  orbiting  is  for  long  periods  of  time,  an  analysis  of 
the  periodic  thermal  stresses  would  be  required  to  determine  whether  thermal  fatigue 
would  be  a  problem  in  the  booster  of  such  a  vehicle. 

Second  are  the  considerations  of  the  space  environment  -  electromagnetic  and 
particle  radiation,  solid-particle  impingement,  and  vacuum  effects.  These  considera¬ 
tions  are  discussed  in  the  sections  that  follow.  In  these  discussions  it  is  assumed  that 
the  vehicle  under  consideration  is  one  that  will  be  orbiting  the  earth  for  long  periods  cf 
time  or  is  on  an  interplanetary  mission  and  that  a  rocket  booster  attached  to  the  vehicle 
can  be  fired  on  command.  Further,  the  discussion  if  directed  primarily  to  the  motor 
case  and  end  closures  but  not  to  hardware  such  a3  nozzles,  gimballing  devices,  etc. 

In  this  context,  primary  interest  is  in  the  effect  of  space  environment  on  mechanical 
behavior  of  case  materials  and  certain  design  features  associated  v/ith  loads  generated 
by  firing  the  booster.  Environmental  effects  on  electrical  and  optical  properties,  carrier 
effects  for  semiconductor  devices,  and  other  characteristics  are  not  of  interest  here. 


Mechanical  Strength  as  Affected  by  Temperature 


Rocket-motor-case  temperatures  from  aerodynamic  healing  and  piupellanl  buiuing 
are  limited  to  the  range  300  F  to  600  F.  However,  for  high-performance  vehicles,  it  is 
probable  that  higher  temperatures  may  be  required.  Therefore,  the  effect  of  tempera¬ 
ture  on  material  behavior  is  important.  Figures  9  through  13  show  the  effect  of  temper¬ 
ature  on  Ftu,  FCy,  F[jru,  F<u,  and  E  and  E^,,  respectively,  of  a  number  of  materials 
that  are  considered  and  used  in  mo'or  casrjs.{51)  The  materials  include  a  hic'n-strenati. 
steel,  a  titanium  alloy,  and  glass  filament-epoxy  resin  composite. 


FIGURE  9.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  STRENGTHS  (Ftu  AND  Fty)  OF  ALLOY  STEELS 
TITANIUM  ALLOYS,  AND  GLASS  FILAMENT-EPOXY  RESIN  COMPOSITES 
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FIGURE  12.  EFFECT  OF  TEMPERATURE  ON  THE  SHEAR  STRENGTH  (F,u)  OF  ALLOY  STEELS 
TITANIUM  ALLOYS,  AND  GLASS  FILAMENT- EPOXY  RESIN  COMPOSITES 
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Several  features  are  immediately  evident  tror.i  these  figures.  All  mechanical 
characteristics  of  all  materials  decrease  as  the  temperature  increases.  However,  this 
decrease  is  most  marked  for  the  glass  filament-epoxy  resin  composite.  For  example, 
the  tensile  strength  of  the  glass-filament  material  at  a  temperature  of  500  F  is  about 
60  per  cent  that  at  room  temperature.  At  the  same  temperature,  the  steel  has  a  tensile 
strength  90  per  cent  of  that  at  room  temperature;  titaniu  a,  80  per  cent.  As  illustrated 
in  Table  5,  shear  and  bearing  strength  (which  can  be  important  at  openings  and  skirts) 
and  modulus  of  elasticity  (which  seriously  influences  stiffness  and  buckling  resistance) 
of  glass-filament  com  osites  are  more  drastically  reduced  than  tensile  strength  at  a 
temperature  of  only  400  F. 

TABLE  5.  STRENGTH  AT  400  F  AS  A  PER  CENT  OF  INDICATED  ROOM- 
TEMPERATURE  STRENGTH  CRITERION 


Material 

Ultimate 
Shear  Strength, 
Fsu 

Ultimate 

Bearing  Strength, 
Fbru 

Modulus  of 
Elasticity, 
E 

Steel 

96 

92 

96 

Titanium 

82 

86 

38 

Gtass  Filamcnt/Epoxy 

45 

20 

42 

From  such  a  tabulation,  it  is  obvious  that  certain  structural  indexes  applied  in 
preliminary  screening  (based  frequently  on  room-temperature  behavior)  should  be  care¬ 
fully  examined  at  realistic  operating  temperatures. 

The  designer  may  cr.ercisc  certain  options  in  design  to  favor  use  of  a  lightweight 
efficient  material.  If  heating  is  primarily  aerodynamic,  investigation  of  external  in¬ 
sulation  may  show  that  case  temperatures  can  be  reduced  to  tolerable  levels.  A  similar 
situation  may  he  helpful  if  major  heating  is  from  propellant  burning.  Otner  trade-offs 
may  be  possible  to  alleviate  the  temperature  problem. 


Thermal  Stresses  and  Thermal -Stress  Fatigue 


Thermal  stresses  ar.se  *hcn  the  temperature  of  a  part  of  a  structure  is  heated 
above  or  cooled  below  the  temperature  of  the  suppcr'mg  structure.  This  structure  may 
be  designed  so  that  the  heated  or  cooled  portion  is  completely  or  partially  restrained 
from  expanding  (if  heated)  or  contracting  (if  cooled).  The  thermal  stresses  may  be  tran¬ 
sients  or  more  or  leas  steady  state. 

One  damaging  effect  of  thermal  stresses  could  arise  if  thermal  strains  are  high 
enough  to  cause  plastic  deformation.  Jf  these  strains  are  repeated,  for  example  during 
long-time  earth  orbiting,  the  p<ssibility  of  thermal  fatigue  hould  be  considered.  There 
arc  a  number  of  influencing  factors  here  that  are  import, n.  to  the  problem.  They  relate 

mule  llo  to  i.....  e  —  d  .1 

With  a  given  tompv  r=*t'..rc  rise,  materials  with  large  values  of  thermal  conductivity 
and  s  abject  to  mcchaim  al  constraints  develop  small  thermal  strains  and  stresses  (for  the 
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cane  of  skin  heating).  Low  conductivity  infers  large  thermal  straina.  Thus,  conductivity 
affects  the  maximum  thermal-stress  value. 

Thermal  diffusivity  (conductivity  divided  by  specific  heat  and  density)  on  the  other 
hand  determines  the  rate  of  development  of  thermal  gradients.  Therefore,  in  transient 
thermal  response,  a  material  with  a  low  diffusivity  is  desirable. 

Thermal-expansion  coefficient  also  determines  the  magnitude  of  thermal  strains. 
For  repeated  plastic  thermal  strains,  a  low  coefficient  of  expansion  is  desirable. 

Directly  related  to  the  problem  of  thermal  stresses  is  the  maximum  temperature. 

If  the  temperature  is  cycled  also,  the  cyclic  temperature  range  influences  fatigue  be¬ 
havior.  In  both  cases,  the  lower  the  maximum  temperature  or  the  smaller  the  tempera¬ 
ture  range,  the  lower  is  the  possibility  of  fatigue  failure. 

It  is  quite  likely  that  materials  may  be  selected  on  the  basis  of  other  character¬ 
istics  than  thermal  stress  and  fatigue.  In  that  event,  the  physical  constants  conductivity, 
diffusivity,  and  expansion  coefficient  cannot  be  arbitrated.  As  demonstrated  by  experi¬ 
ence  with  a  number  of  satellite  vehicles,  the  designer  has  at  his  option  direct  means  to 
limit  maximum  surface  temperature  and  fluctuating  temperature  for  an  orbiting  vehicle. 
This  can  be  achieved  by  insulation  and  can  be  further  enhanced  by  special  coatings  and 
finishes  on  the  surface.  O) 

As  stated  in  an  earlier  section,  the  electromagnetic  radiation  received  by  a  vehicle 
is  composed  primarily  of  that  from  the  sun  and  secondarily  by  solar  radiation  reflected 
from  the  earth  or  another  planet  and  alsc  that  radiated  by  the  earth  or  planet.  Internally, 
heat  is  generated  ir.  the  vehicle  by  communication  and  other  electronic  gear,  life-support 
equipment,  and  the  personnel  in  the  vehicle.  The  stable  temperature  of  the  vehicle  then 
is  related  to  the  heat  balance  -istablished  between  the  external  heat  toad,  the  internal  heat 
load,  and  the  heat  loss  by  radiation  from  the  vehicle. 

Since  the  major  external  heat  load  is  from  the  sun  (radiating  essentially  as  a  black 
body  at  5820  K),  retention  of  this  radiant  heat  in  the  vehicle  is  dependent  upon  the  sur¬ 
face  area  exposed  to  the  sun  and  the  absorptivity  of  the  surface  layer.  At  the  same  time, 
the  radiant  heat  loss  to  interstellar  space  is  a  function  of  the  vehicle  surface  area  that  is 
radiating  and  the  emissivity  of  the  surface  layer  (a  low-temperature  emission). 

It  is  seen  then  that  the  principal  factor  to  establish  vehicle  temperature  in  space 
environment  is  the  ratio  of  absorptivity,  a,,  to  low -temperature  emissivity,  c. 

Thus,  in  order  to  achieve  a  low  equilibrium  temperature,  the  designer  will  be 
looking  for  surface  finishes  or  treatments  that  have  low  solar  r  osorptivity  and  high  val¬ 
ues  of  low-temperature  emissivity.  It  is  for  this  reason  that  <  srtain  oxides  used  as  pig¬ 
ments  and  techniques  such  as  sandblasting  of  surfaces  have  been  employed,  and  are  still 
being  examined.  P) 


Electromagnetic  and  Particle  Radiation 


There  are  two  factors  that  may  be  of  interest  (1)  sputtering  and  (2)  radiation 
damage.  Since  thermal  effects  from  electromagnetic  radiation  have  been  discussed  in 
the  preceding  section,  this  will  not  be  considered  a  factor  in  this  section. 
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A*  a  apace  vehicle  orbit*  the  earth  or  travel*  in  *p»re#  it  will  collide  with  atoms 
or  ion*  having  a  broad  range  of  energy.  On  impact,  these  particles  tend  10  knock  atoms 
from  the  surface.  Thi*  i*  the  proce**  that  is  called  sputtering.  There  has  been  some 
concern  that,  over  extended  periods  of  exposure,  sputtering  may  result  in  appreciable 
loss  in  motal  from  the  surface  and  reduction  in  thickness.  Jaffe  and  Rittenhouse^3)  have 
made  some  estimates  o:  surface  loss  based  on  plausible  estimates  of  the  flux  of  atomic 
particles  impacted  and  sputtering  efficiencies  The  following  tabulation  summarises 
their  result*. 


Loss  in  Thickness 
per  Year 

Particle  Source 

Cm 

Angstroms 

Remarks 

Low  earth  satellite 
(nitrogen  and  oxygen  atoms) 

io-io 

10-2 

Negligible  loss 

Peak  of  inner  Van  Allen  belt 
(protons) 

10-9 

10"1 

Negligible  loss 

Solar  flare  protons 

i0"6 

102 

Negligible  loss 

Steady  solar  wind  protons 

3  x  10“® 

3.  C 

Negligible  loss 

Cosmic  rays 

— 

-- 

Negligible  because  of  high 
energy  and  low  flux 

It  should  be  apparent  on  the  basis  of  their  estimates  that  loss  in  metal  thicknese  as 
a  consequence  of  sputtering  is  not  an  important  consideration  for  present  rocket-case 
designs. 

Radiation  damage  can  occur  when  high-energy  atomic  particles  penetrate  into 
structural  materials.  The  depth  of  penetration  is  proportional  to  the  energy  level;  how¬ 
ever,  greater  damage  may  occur  with  lower  energy  particles  of  high  flux,  since  damage 
would  occur  in  a  thin  layer  of  material. 

Damage  can  occur  by  two  mechanisms.  One  of  these,  ionisation,  involves  the  re¬ 
moval  of  electron*  from  atoms.  For  rocket-case  materials,  this  is  characteristic  of 
plastics.  The  second  mechanism  is  displacement  ~f  stoms  Hm  their  positions  in  the 
crystal  lattice.  This  type  of  damage  is  characteristic  for  ino;  ganic  insulators  and 
metals. 

Jaffe  and  Rittenhouse(3),  McCoy(^),  and  others  have  concluded  generally  that 
mechanical  properties  of  metal*  are  not  affected  by  radiation  encountered  in  space,  with 
the  exception  that  a  thin  surface  layer  of  metal  may  be  damaged  when  exposed  in  the 
inner  Van  Allen  Belt  or  when  exposed  by  radiation  from  solar  flares. 

Organic  materials,  on  the  other  hand,  are  radiation  sensitive,  and  mechanical 
properties  may  be  significantly  altered  by  long  exposure  King,  et  al .(52),  have  tabu¬ 
lated  considerable  information  on  life  expectancy  of  a  large  number  of  polymeric  mate¬ 
rials  based  upon  an  assumed  radiation  field  and  an  assumed  rate  of  energy  absorption. 
The  data  are  only  indicative;  however,  furane  resins,  phenolic*,  polyesters,  and  styrene 
polymers  showed  appreciably  long  lives  *o  threshold  damage  and  to  25  per  cent  change  in 
mechanical  strength. 
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In  selecting  case  materials,  where  damage  may  be  undesirable,  it  is  probably 
prudent  to  use  the  more  resistant  material  in  a  given  class.  In  some  cases,  nominal 
shielding  may  be  adequate  to  prevent  radiation  damage. 


Solid- Particle  Impingement 


The  problem  of  solid-particle  impingement  docs  not  appear  to  apply  to  rocket- 
motor  cases  except  for  those  vehicles  that  may  have  a  booster  attached  for  subsequent 
firing  in  space.  The  factors  to  consider  are  erosion  of  surface  and  penetration. 

On  the  basis  of  available  information,  surface  erosion  from  meteoric  dust  does  not 
appear  to  be  a  structural  problem.  Erosion  rates  in  the  range  1  to  1000  microns  per 
year  have  been  deduced  on  the  basis  of  estimates  of  the  assumed  mass  and  distribution 
of  particles.  W  Only  if  the  case  surfaces  were  treated  to  provide  certain  absorptivity 
and  emissivity  for  temperature  control  might  erosion  become  significant. 

Penetration,  partial  penetration,  internal  spalling,  or  delamination  may  be  of 
structural  significance.  However,  danger  from  meteoroid  puncture  is  not  as  great  at 
might  be  expected,  since  particles  large  enough  to  penetrate  also  are  few  in  number. 

Impact  of  large  particles  on  high-strength  metal  cases,  oven  if  the  case  -.s  not 
completely  penetrated,  may  produce  critical  flaws  that  might  lead  to  rupture  of  the  case 
during  firing.  Glass-fiber  cases  also  may  be  weakened  with  such  impacts  by  minute 
cracking  at  the  impacted  region  and  by  delamination  of  the  fiber  layers. 

These  considerations  and  others  concerned  with  explosive  decompression  of  pres¬ 
surized  and  manned  regions  of  vehicles  have  led  to  consideration  of  shields  or  bumpers 
that  would  be  located  some  distance  above  the  vehicle  surface.  (2,3)  These  bumper* 
would  interrupt  impinging  meteoroids  and  serve  to  fragment  them.  Thus,  the  fragments 
would  be  dispersed  over  a  wide  area  of  the  underlying  shell,  and  presumably  dei  re*»e 
the  possibility  of  penetration. 


Vacuum  Environment 


A  number  of  factors  have  been  considered  important  for  various  components  of 
sptace  vehicles  exposed  to  the  hard  vacuum  of  sp»ce:  sublimation,  degradation  of  organic 
compounds,  changes  in  mechanical  strength,  and  changes  in  absorptivity  and  emissivity. 
Some  of  these  may  be  important  in  considering  rocket-motor  cases,  others,  not 
important. 

For  example,  sublimation  of  metal  and  inorganic  compounds  has  been  of  some  in¬ 
terest  for  come  vehicle  components.  For  the  practical  metals  of  interest  (steels,  tita¬ 
nium  alloys,  aluminum  alloys,  even  beryllium),  the  temn»-ratures  at  which  sublimation 
rates  are  high  enough  to  be  of  engineering  significance  a.  generally  much  higher  than 
temperatures  at  which  these  materials  normally  are  used.  Hence,  sublimation  is  not  of 
concern.  Similar  statements  apply  to  the  inorganic  compounds.  Also,  for  metals  and 
ir  organic  compounds,  the  vacuum  environment  at  temperatures  to  which  the  rocket-motor 
cases  will  be  subjected  will  not  affect  the  mechanical  strength  of  the  materials.  Since 
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sublimation  do**  not  occur,  absorptivity  and  reflectivity  of  the  case  materials  cannot  be 
impaired. 

The  situation  for  glass-fiber  reinforced  plastics  is  not  as  optimistic  as  it  is  for 
metals.  In  the  vacuum  environment,  degradation  of  long-chain  polymeric  compounds  oc¬ 
curs  and  results  in  formation  of  more  volatile  fragments. (5)  Therefore,  with  time,  sig¬ 
nificant  loss  in  weight  {10  per  cent)  can  occur  which  results  in  changes  in  mechanical 
properties  of  engineering  significance.  Degradation  is  a  function  of  temperature,  higher 
loss  rates  occurring  at  higher  temperatures.  Consequently,  if  thes  j  materials  are  used 
in  motor  cases  that  may  be  subjected  to  long-time  exposure  in  vacuum,  consideration 
must  be  given  to  the  operating  temperature  and  to  the  strength  loss.  J iffe  and 
RittenhouseP)  present  available  information  summarising  the  decomposition  of  polymers 
on  the  basis  of  temperature  to  produce  a  weight  loss  of  10  per  cent  pei  year  in  vacuum. 
They  caution,  however,  that  much  of  the  data  are  not  too  reliable  and  suggest  that  if  de¬ 
tailed  information  is  required,  it  is  necessary  to  tost  experimentally. 


STRUCTURAL  WEIGHT 


The  objective  of  a  rocket  system,  whether  it  has  a  defense  or  research  mission, 
is  usually  to  place  a  desired  payload  at  a  given  location  with  a  certain  velocity.  Thus, 
a  dimensionless  parameter  which  is  a  measure  of  the  efficiency  of  a  vehicle  to  achieve 
this  objective  has  come  into  wide  use  in  the  rocket  field.  This  is  the  mass  fraction  (or 
mass  ratio),  which  is  defined  as  the  ratio  of  the  propellant  mass  (before  burning)  to  the 
total  mass  (propellant  plus  inert  components)  for  the  particular  stage  concerned.  Ob¬ 
viously,  the  mass  fraction  can  be  thought  of  as  a  measure  of  the  weight  efficiency.  For 
example,  a  mass  fraction  of  0.9  is  within  current  technology;  this  means  that  the  weight 
of  inert  parts  accounts  for  10  per  cent  of  the  total.  The  higher  the  mass  fraction,  the 
more  efficient  is  the  design  i.-om  a  weight  standpoint. 

It  is  imperative  in  current  technology  that  a  high  mass  fraction  be  achieved  in  the 
upper  stages  of  a  multistage  vehicle  if  an  adequate  payload  ia  to  be  carried.*  However, 
in  the  first  stage,  and  to  a  certain  extent  in  intermediate  stages,  the  mass  fraction  is  not 
as  critical,  so  that  some  other  factor,  such  as  thrust-to-weight  ratio  or  cost,  is  usually 
the  governing  criterion. 

In  order  to  achieve  a  high  mass  fraction,  it  is  obvious  t.iat  the  structural  materials 
must  be  used  efficiently.  This  means  selecting  ...ale rial*  «u«i  »Lhu-tut«i  configurations 
so  as  to  minimise  the  structural  weight  for  a  given  propellant  mass. 


Structural-Weight  Material  Indexes 


The  total  inert-part  weight  of  a  solid-propellant  r.  ket  includes,  in  addition  to  the 
motor  case  itself,  such  items  at.  the  skirts,  adapters.  Inters,  insulation,  grain  re¬ 
strictor.  and  ianiter.  Thu*,  the  mass  fraction  1*  difficult  to  motor  oases 

made  of  differs  it  materials  without  going  into  considerable  detail  in  regard  to  the  various 


•  II  n  noted  that  tin-  purpose  "t  u  Ing  multiple  wagej  t»  to  reduce  the  energy  expended  upon  irunea  jfltr  the.  have  tefVvJ  if*  ,t 
uirful  purpofei.  In  other  vonlt,  the  per  pole  of  multmaginy  l»  to  achieve  a  higliet  tout  fraction. 
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accessory  items.  Furthermore,  it  is  difficult  to  estimate  the  weight  of  end  closures, 
particularly  the  aft  one  which  is  a  function  of  nozzle  size  and  arrangement.  Therefore, 
it  is  desirable  to  use  another  means  of  evaluating  structural -weight  efficiency.  Since  a 
given  mass  of  propellant  can  be  assumed  to  occupy  a  given  volume,  it  is  often  convenient 
to  evaluate  motor-case  materials  on  the  basis  of  weight,  W,  of  the  cylindrical  portion  cf 
the  case  per  unit  volume,  V,  enclosed  by  this  portion.* 

If  it  is  assumed  that  the  critical  loading  is  internal  pressure,  it  is  shown  in  Ap¬ 
pendix  A  that  the  W/V  ratio  for  a  monolithic  case  constructed  of  an  isotropic  material** 
is  directly  proportional  to  the  pressure  and  inversely  proportional  to  the  ratio  of  the  de¬ 
sign  stress  level  to  the  density,  d,  of  the  case  material.  As  discussed  in  the  sections 
on  Structural  Safety  and  Reliability  and  Static  Mechanical  Properties,  the  design  stress 
level  is  usually  approximately  proportional  to  the  ultimate  tensile  strength.***  Ihus, 
strength/density  (Ftu/d)  it  the  structural-material  index  of  minimum-weight  design  for 
internal  pressure. 

For  conditions  where  buckling  governs  the  design,  it  is  shown  in  Appendix  A  that 
the  structural-material  index  of  minimum-weight  design  is  merely  \/E/d,  where  E  is  the 
modulus  of  elasticity. 

For  various  materials,  basic  mechanical  properties  and  the  two  structural-weight 
indexes  are  listed  in  Table  6.  These  are  based  upon  minimum  strength  values  as  given 
in  Reference  (53),  or  as  estimated  from  available  data. 

Aluminum  alloy  2014-T6  is  listed  primarily  for  historical  interest,  since  it  is  typ¬ 
ical  cf  the  cane  materials  used  m  small  ordnance-type  rocket  cases  in  the  early  1950's, 
and  lor  comparative  purposes,  since  it  is  currently  in  use  in  liquid-fuel  rocket  tankage. 
Aluminum  alloy  7178-T6  is  listed  as  a  representative  of  the  ‘gher-strength-level  alu¬ 
minum  alloys  currently  available. 

The  magnitudes  of  axial  compression  and  bending  loads  in  monolithic  rocket-case 
applications  in  the  past  have  been  sufficiently  low  that  cane  weight  has  been  governed  by 
uiternal-pressu.-c  considerations  rather  than  buckling.  Thus,  there  has  been  an  intensive 
search  for  materials  with  high  strength/density.  This  quest  first  motivated  a  change 
from  aluminum  alloys  to  familiar  aircraft  steels  like  A1S1  4130  and  4340,  then  to  special 
alloy  steels  such  ao  D-6ac,  MBMC-1,  5Cr-Mo-V,  and  300  M.  Appreciable  weight  re¬ 
ductions  liave  recently  been  achieved  by  redesigning  rocket  cases  to  permit  a  material 
change  from  high-strength  steel  to  titanium  alloy.  The  two  major  competing  alloys  are 
Ti-6A1-4V,  which  is  considered  to  be  the  "4340"  of  the  titanium  field,  and  Ti-13V-llCr- 
3A1,  which  has  slightly  higher  strength  but  is  less  ductile  and  more  difficult  to  weld. 

Recently,  there  has  been  considerable  interest  in  low-carbon,  martensitic,  18-per 
cent-nickel  steels,  known  as  Mar-aging  steels,  for  racket  cases.  (54)  xiie  Mar-aging 
steels  can  be  heat  treated,  by  a  simple  aging  treatment,  to  higher  Ftu  levels  than  the 
medium-carbon  alloy  steels.  These  steels  offer  no  unusual  problems  in  fabrication  and 
v/eiding,  and  they  have  good  fracture  toughness  at  high  Ftu  levels. 


•Anotnci  va,  io  evaluau  cur  -material  suuctura.  weight  efficiency  it  on  thr  hails  of  weight  per  unit  surface  area  lot  the  cy¬ 
lindrical  noMloP  However.  Ihfi  hai  »lw  disadvantage  that  ll  depend.  ..nni 
•An  nolrwpic  matet.s.  i.  -T:<  which  ha>  the  mu#  eiauic  properties  ui  ill  diiections, 

••It  it  preferable  'o  jic  twm  itrengthi,  rather  than  uniaxial  values,  since  man,  Juctilc  materials  exhibit  an  mcreaie  ,n  trength 
of  -„p  ti  n  per  vr.it  under  such  a  condition.  However,  vuvh  data  are  highly  dependent  upon  config-iiutiuii  anti  the,  an  awn- 
able  for  only  «  llimicc'  number  of  materials  rim,  for  comparative  purposes  F,u  value!  ate  mod  lu  tv. 


TABLE  6.  BASIC  MATERIALS  PROPERTIES  AND  STRUCTURAL  INDEXES  OF  SELECTED  MATERIALS 
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(.i)  Ffli.cuvc  values  applicable  to  axial-compression  buckling  only. 

(M  I  In-  >ifv  ngi  i  values  deperd  upon  ilic  type  of  glass  finish,  the  resin  system,  tlic  netting  design,  and  winding  method. 
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Before  structural-material  indexes  for  composite  ma'erials  can  be  discussed  in¬ 
telligently,  it  is  necessary  to  discuss  the  basis  for  comparison  with  monolithic  materi¬ 
als.  The  design  basis  used  for  composite  materials  varies  widely.  In  wire-wound-resm 
cases,  it  has  been  the  practice  to  refer  strength,  modulus,  and  density  values  to  the 
wire;  however,  in  glass -filament-wound  res'ji-bonded  aluminum  cases,  the  design  is 
based  on  the  aluminum.  In  order  to  make  legitimate  comparisons  with  monolithic  mate¬ 
rials,  it  is  necessary  to  use  strength,  modulus,  and  density  values  of  the  composite. 

This  has  been  done  for  the  composites  listod  in  Table  6.  Then  all  of  the  equations  pre¬ 
sented  in  Appendix  A  for  monolithic  cases  can  be  used  directly.* 

The  primary  loading  present  in  all  rocket-motor  cases  is  internal  pressure;  fur¬ 
thermore,  in  motors  currently  either  available  or  under  consideration,  the  pressure 
varies  only  from  200  to  1000  psi.  The  other  major  loading  is  an  ex'trnal  loading  con¬ 
sisting  of  a  combination  of  axial  compression  and  bending  which  tends  to  produce  failure 
by  buckling.  It  is  r.ti'rly  obvious  that  larger  vehicles  will  have  larger  applied  external 
loads  and  also  larger  buckling  resistance  in  terms  of  total  external  load  (in  pounds). 
Therefore,  in  order  to  compare  external  loads  on  an  equitable  basis  relative  to  the 
structural  weight  required,  the  parameter  Peq/D2  is  used  in  the  derivation  in  Appen¬ 
dix  A.  Here  peq  is  the  equivalent  axial  load  (an  axial  compression  load,  equivalent  so 
far  as  buckling  is  concerned,  to  the  actual  combination  of  axial  compression  and  pure 
bending)  and  D  is  the  motor-case  diameter.** 

It  is  desirable  to  present  a  graphical  picture  of  the  effect  of  external  loading  on  the 
structural  weight.  First  of  all,  Equation  (4)  in  Appendix  A  shows  that,  for  a  motor  case 
which  is  critical  for  internal  pressure,  the  cylindrical  motor-case  weight  per  enclosed 
volume  (W/V)  is  unaffected  by  external  loading.  Thus,  in  a  plot  depicting  W/V  versus 
Pe_/D2,  this  relationship  is  represented  by  a  horizontal  straight  line  (Line  A)  as  shown 
in  Figure  14. 

Using  Peq  for  P  in  Equation  (7)  in  Appendix  A,  it  is  seen  that  when  buckling  is 
critical,  the  relationship  between  W/V  and  Pe„/D2  is  parabolic,  i.  e.  ,  W/V  is  propor¬ 
tional  to  the  square  root  of  Peq/D2,  as  shown  by  Curve  B  in  Figure  14,  The  actual 
weight  per  enclosed  volume  is  given  by  the  higher  value  of  the  two  relationships.  Thus, 
for  example,  at  a  Peq/D2  value  represented  by  vertical  Line  1  in  Figure  14,  the  higher 
W/V  is  the  one  determined  by  uiternal  pressure  (Line  A),  so  this  portion  of  Line  A  is 
shown  as  a  solid  line,  rather  than  dotted.  Conversely,  at  higher  external  loads  exem¬ 
plified  by  vertical  Line  2,  the  higher  W/V  is  the  erne  determined  by  buckling,  i.  e.  ,  para¬ 
bolic  Cu-ve  B,  Thus,  this  portion  of  Curve  B  is  shown  solid.  The  weight/volume  rela¬ 
tionship  over  the  entire  range  of  external  loadings  covered  by  figure  14  is  represented 
by  the  solid  portions  of  Line  A  and  Curve  B. 

Figure  15  (summarizes  the  effect  of  material  selection  on  the  weight  of  a  rocket- 
motor  case  of  monolithic  construction;  Figure  16  cover*  composite  motor  cases.  These 
figures  show  the  effects  of  case  material  and  equivalent  load  parameter  (equivalent  axial 
load  Pcq  divided  by  the  square  of  the  case  diameter)  on  the  weight  per  volume  enclosed 
for  the  cylindrical  portion  of  a  case  for  a  rocket  with  a  400-psi  burning  pressure.  Th.s 


•il  it*  I.  cu.cJ  entirety  on  me  (Mi’iieno.  uie  ccaitanr  i  in  fcquat'on (!)  o!  Appendix  A  muit  he  replaced  bv  3.  then  the 

modified  equation  u  -pplfeablc  io  optimum  flUmcnt'Vuund  shells  of  any  geometrical  configuration, 

**  >  »e  i  mod  'or  calculating  p  it  Equation  ,'12),  AppenJIx  A. 
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CONSTRUCTION  OF  VARIOUS  MATE  ALS 
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burning  pressure  has  been  selected  because  it  is  intermediate  between  the  usual  limits  of 
200  to  1000  psi;  also,  it  is  atypical  burning  pressure  for  second-stage  rockets,  in  which 
buckling  is  apt  to  be  critical.  The  assumptions  on  which  Figures  15  and  16  are  based 
include: 

(1)  Room-temperature  minimum  properties  as  given  in  Table  6  are  used. 

(2)  No  allowance  is  made  for  increase  in  F[u  due  to  biaxiality. 

(3)  Ultimate  safety  factor  is  1.25. 

(4)  Insulation  weight  is  not  included. 

(5)  Effect  of  case  length/diameter  ratio  on  buckling  is  neglected. 

(6)  Credit  is  given  for  a  52  per  cent  increase  in  buckling  resistance  due  to 
a  case-bonded  propellant. 

(7)  For  the  ordinary  glass  filament /re sin  case,  a  40-psi  decrease  in  pres¬ 
sure  acting  on  the  case  is  taken  into  consideration. 

(8)  Values  shown  for  the  sandwich  motor  case  are  approximate  ones  based 
on  Reference  (31).  Since  the  core-material  weight  is  constant  per 
square  foot  of  case  surface  area,  its  weight  per  volume  enclosed  de¬ 
creases  with  increasing  case  diameter.  A  weight  value  is  shown  for 
only  one  motor-case  diameter:  120  inch. 

(9)  The  limiting  values  (0.  185  and  0.  300)  of  the  buckling  factor  C  (see  Ap¬ 
pendix  A)  were  used  for  each  material. 

Typical  ranges  of  the  equivalent  external  load  parameter  (the  abscissas  of  Fig¬ 
ures  15  *nd  16)  are  also  indicated  in  the  figures  by  horizontal  brackets  (in  the  lower  part 
of  the  figures)  for  three  clauses  of  vehicles,  the  characteristics  of  which  are  given  in 
Appendix  13,  In  the  range  of  values  for  each  type  of  vehicle,  the  higher  values  are  ap¬ 
plicable  to  only  second-stage  motor  cases  and  the  lower  values  are  primarily  applicable 
to  the  first  and  third  stages.  Equivalent  load  parameter  values  corresponding  to  the 
fourth  stage  of  Vehicle  C  have  been  omitted  in  the  figures,  since  it  is  not  a  "large" 
rocket. 

In  Figures  1 5 and  16  some  of  the  data  arc  represented  as  bands  or  areas  rather  than 
lines.  The  reason  for  the  range  of  values  for  high-strength  steels  and  for  titanium  alloys 
in  the  left-hand  (horizontal-line)  portion  of  Figure  15and  for  Composite  X  in  Figure  16is  ti 
cover  the  range  of  strength  and  correspondingly  Ftu/d  for  each  of  the  classes  of  materi¬ 
als  in  Table  6.  The  ranges  of  values  in  the  right-hand  portion  of  Figure  15(i.e.,  nonhori* 
zon'.al  lines)  for  those  materials,  as  well  as  lor  Composites  W,  X,  and  Yin  Figure  16,  are 
■•elated  to  the  use  of  a  range  of  values  for  the  buckling  coefficient,  C  [defined  in  Equa¬ 
tion  (5)  in  Appendix  A] .  The  upper  boundaries  correspond  oughiy  to  mean  values  of  C, 
while  the  lower  boundaries  represent  the  90  per  cent  probability  value  (at  95  per  cent  con¬ 
fidence  level). 

Since  only  one  material  is  presented  in  each  class  for  aluminum  alloy  and  compos¬ 
ites  W,  X,  and  Y,  each  of  these  is  represented  in  the  left-hand  portion  as  a  single  line. 
However,  due  to  the  combination  of  a  low  Ftu/d  index  and  a  high  v'E/d  index  for  the  alu¬ 
minum  alloy  (7178-T6),  buckling  does  not  become  critical  within  the  load  range  covered 


by  Figure  1*.  In  other  words,  the  weight  per  unit  volume  for  7178-Tfc  it*  determined  by 
internal  pressure  only  and  is  unaffected  by  load  over  the  range  of  values  shown. 


The  structural-weight  material  index  for  pressure-critical  design  ,  Ftu/d,  is  signif¬ 
icant  in  the  left-hand  portion  of  the  figures,  i.  e.,  when  the  external  loads  are  relatively 
small.  Therefore,  for  monolithic  structures,  titanium  alloys  have  the  highest  Ftu/d  and 
thus  the  lowest  W/V  (see  Figure  15).  Similarly,  glass-filament/resin  composite  (Com¬ 
posite  X)  having  an  even  higher  Ftu/d  is  still  lighter  (see  Figure  16). 

As  higher  and  higher  final-stage  velocities  are  required,  the  equivalent  external 
load  parameter  Peq/D^  will  also  increase,  as  shown  by  the  increases  in  the  ranges  of 
Peq/D^  values  in  going  from  Vehicle  A  through  Vehicle  B  to  Vehicle  C  (see  Appendix  B). 
As  a  result  of  their  combination  of  high  Ftp/d  and  high  v^E/d,  titanium  alloys  will  result 
in  lighter  (lower  W/V)  motor  cases  at  high  loads  than  will  any  of  the  other  materials 
shown  fc  r  monolithic  construction.*  It  is  important  to  note  that  it  is  the  combination  of 
Ftu/d  a.  d  .'"E/d  which  makes  titanium  alloys  best  in  the  high-load  range.  **  Thus ,  (or 
monolithic  construction  and  regardless  of  the  combination  of  loadings,  use  of  titanium 
alloys  w.ll  result  in  the  lightest  motor  ca*-e  per  enclosed  volume. 

The  choice  of  the  type  of  composite  construction  which  is  best  from  a  W/V  stand¬ 
point  is  somewhat  more  complicated.  Reference  to  the  lowest  values  for  each  of  the 
composites  represented  in  Figure  16  shows  that  the  order  of  merit  for  various  ranges  of 
the  load  parameter  are  as  shown  in  Table  7.*** 


TABLE  7.  ORDER  OF  MERlT<a>  FOR  VARIOUS  COMPOSITE  MATERIALS  AT 
VARIOUS  RANGES  OF  THE  EQUIVALENT  LOAD  PARAMETER , 
ASSUMING  A  400-PSI  BURNING  PRESSURE 


Order  of  Merit  for  Indicated  Ranges  of  Equivalent  Load  Parameter,  psi 

o 

cn 

o 

50  -  74 

74  -  89 

89-110 

1 10  and  Up 

1. 

Comp.  X 

1.  Comp,  Y 

1. 

Ccmp,  Y 

1. 

Comp.  z(b> 

1. 

Comp.  z(b) 

2, 

Comp.  Y 

2.  Comp.  X 

2. 

Comp.  W 

2. 

Comp.  Y 

2. 

Comp.  W  and  Y 

3. 

Comp.  W 

3.  Comp.  W 

3. 

Comp.  X 

3. 

Comp.  W 

3. 

Comp.  X 

_ 

4. 

Comp.  X 

(a)  Lightest  composites  ( i .  e. ,  iirullesl  W  'V)  are  ll,;ed  fitit. 

(b)  A  120-lnch-dlar,ieter  motor  cate  Is  assumed. 


Several  significant  conclusions  can  be  drawn  from  Table  7  in  regard  to  cempo^ite- 
material  development  programs  oriented  toward  rocket-case  application: 

(1)  At  present  Composite  X  (gins*  filament /resin)  is  bent  (from  a  motor- 
case  weight  per  enclosed  volume  standpoint)  only  for  low  external 
loads  (i.e.,  low  values  of  Peq/Dz).  Any  reductions  in  weight  at  higher 

•Beryllium  is  not  included  in  the  dtscutivn  because  of  the  considerable  difficulties  it  fabrication  which  must  ho  overcome  lx  • 
foie  beryllium  motor  cases  are  practical .  However,  typical  property  values  for  tirollcd  beryllium  sheer  arc:  F,y»<  >ks., 
Ftuw  7 1  lai,  d«0.  OfiOpcr.  E»4.'  >  lo^psi  On  ruts  basil,  beryllium  would  :  c  .lied  I  igurc  l  b  by  a  horizontal  lilts  at 

w/v«  i  t.nih/fr*.  At  low  and  mtetmeJiatc  external  loadings.  tilts  would  be  quite  comparable  to  titanium  alloys; fur.  al  tir<>i> 
external  loading,  rl  s  wouiJ  represent  a  weight  savtngover  titanium  al'nyt. 

•  Aluminum  alleys  nave  a  rnrcl.  mglier  7/d  index  than  do  titanium  alloys,  but  iliey  ate  at  a  disadvantage  due  to  ti  tit  lor  Fu,'d 
irikx.  as  sho  n  t-.rignre  1 ‘.(except  ftt  very  large  final -."age  velocity  requirements  -  mote  than  that  of  Vehicle  C  in 
Apptiidi<  ft). 

.  nxiuiK  nai  in, taint  laudwici  struct.'!  t  a  ■  pot  competitive  on  a  weight  basis  lot  tlx  load  ranges  e.  vn,d  bv  liguit  'I  .  thus 
i  at.  ,  -rind  d  Iron  <  ig 'ft  If.  and  thr  turning  discission. 
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loads  must  be  achieved  by  increasing  \^E/d;  increasing  Ftu/d  will  not 
help  at  higher  loads.  This  indicates  that  the  successful  development  of 
high-modulus  glass  filaments  and  hollow  glass  filament*  should  resalt 
in  lighter  cases  at  higher  loads. 

(2)  Composite  Y  (glass  filament/aluminum/ resin)  is  best  for  intermediate 
loads;  thus  it  should  come  into  more  prominence  in  the  next  few  years 
than  it  has  so  far.  Its  simplicity  in  comparison  with  randwich  con¬ 
struction  should  make  it  desirable  from  a  cost  standpoint  even  at  quite 
high  loads. 

(3)  Composite  Z  (glass-filament/aluminum  honeycomb  sandwich)  looks 
the  best  for  very  high  loads,  so  its  further  development  should  be 
pursued  if  solid-propellant  rockets  are  to  be  used  for  boosters  of  the 
Nova  class  and  beyond. 

(4)  Regardless  of  the  combinations  of  loads  considered.  Composite  W 
(music  wire/resin)  is  inferior,  from  a  weight  standpoint,  to  other 
composites.  Thus,  unless  it  has  an  overriding  economic  advantage, 
its  further  development  is  not  justified.  However,  thic  docs  not  pre¬ 
clude  investigation  of  wire  materials  other  than  steel,  i.  e. , 
beryllium. 

By  comparing  the  envelopes  of  lowest  values  in  Figures  15  and  16,  it  can  be  con¬ 
cluded  that  the  best  material  (titanium  alloy)  considered  for  monolithic  construction  is 
not  as  good  as  the  best  composites  in  their  respective  ranges  of  application  (see  Table  7). 
However,  it  should  be  remembered  that  this  conclusion  and  others  presented  in  this  sec¬ 
tion  are  based  upon  the  cylindrical  case  weight/enclosed  volume  concept  presented  in 
detail  in  the  Appendix. 

There  are  some  environmental  modifying  effects  that  are  not  included  in  such  an 
analysis  as  presented  here;  these  effects  could  change  the  conclusions  in  some  instances. 
These  effects  include  fatigue,  temperature-sensitive  properties,  and  space  environ¬ 
mental  effects  (radiation,  vacuum). 

At  the  same  time  the  analysis  does  not  consider  effect  of  closure  weights  and  other 
fitting  weights  which  may  result  in  a  considerable  weight  penalty  when  certain  materials 
(composites  in  particular)  are  employed. 

All  of  the  factors  involved  in  determining  the  performance  objective  (placing  a 
given  payload  at  a  specified  location  with  a  desired  velocity)  are  subject  to  various  trade¬ 
offs.  These  factors  include  motor-case  weight  versus  insulation  weight,  three  stages 
versus  four,  etc. 
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Internal  Pressure  Cr itjcal_ 

The  largest  stress  in  the  cylindrical  portion  of  an  internally  pressurized  motor 
case  is  the  hoop  stress,  S,  given  by 


S=kpD/2t,  (1) 

where  k  is  a  factor  which  depends  upon  the  design  of  the  end  closures,  p  is  the  pres¬ 
sure,  and  D  and  t  are  the  mean  diameter  and  wall  thickness  of  the  motor  case. 

The  weight,  W,  of  a  unit  length  in  the  cylindrical  portion  of  a  motor  case  is 
approximately 


W  =  tTDtd. 


where  d  is  the  density  of  the  case  material. 


(2) 


The  volume,  V,  enclosed  by  a  unit  length  of  a  cylinder  is  approximately 

V  =  7tD2/4.  (3) 

If  the  maximum  stress,  S,  is  now  assumed  to  be  the  design  stress,  F^,  for  the 
material.  Equations  (l),  (2),  and  (3)  can  be  combined  to  give  the  following  expression 
for  the  W/V  ratio: 


W/V  a 


2  kp 

V*' 


(4) 


Thus,  when  internal  pressure  governs  the  design,  W/V  is  inversely  oroportional  to 

F  hi. 
u 


Duckling  Critical 

The  two  most  critical  buckling  loads  for  a  motor  case  ar*  usually  either  axial 
compression  or  bending.  For  simplicity,  only  axial  compression  will  ue  treated  here  in 
det.ui.  The  critical  buckling  stress  (Fc)cr  for  a  monolithic,  isotropic  cylindrical  shell 
in  ax.'-H  compression  is  computed  by 

(F„)cr  =  2CEt/D,  (5) 

where  E  is  the  elnsti  modulus  and  C  is  a  coefficJent  w/  ;h  depends  somewhat  on  the 
D/t  ratio*. 

•li :  u  J  c,  f  D/t  :a  t  less  Hun  1000  (include*  all  modern  motor  caic*).  recommended  value*  of  C  ranpe 

I?. ,  i,  i-  •  (a  *0  ptr  <*ui:  protuoiWt)  valui  ar  a  ptr  cenr  confidence  level)  10  0.3  (mean  value)  (ice  Reference  (1)  on 
pa. « i  lk  .*•  I  *. 


Now  for  design,  (Fc)cr  is  also  simply  the  critical  axial  load,  P.  multiplied  by  a 
factor  of  safety,  N,  and  divided  by  the  cross-sectional  area  of  the  cate  (/fDt): 

(Fc)cr  =  PN/7lDt-  «>) 

Solving  Equations  (5)  and  (6)  for  the  wall  thickness  and  using  this  to  compute  the 
weight,  we  obtain  the  following  expression  for  the  weight  per  enclosed  volume: 

W/V  a  —L. 

VE/d 

The  requirement  that  buckling  take  place  in  the  elastic  range  means  that  (Fc)cr 
as  given  by  Equations  (5)  and  (6),  with  N  =  1,  cannot  exceed  the  compressive  yiald 
strength  F c...  This  imposes  the  following  upper  limit  on  the  axial  load  P: 

Pmax/D2  =  ^2C)(Fcy/E)*  (8) 

Fortunately,  for  values  of  F^  /E  for  all  monolithic  materials  and  composites  cur- 

cy 

rently  under  consideiation  and  for  external  loads  on  rocket  cases  for  vehicles  in  current 
use  or  contemplated  for  the  foreseeable  future,  it  is  believed  that  Equation  (8)  will  not  be 
a  real  limitation.  Thus,  the  structural-material  index  of  minimum-weight  design  for 
external  loads  is  merely  -JE/d. 

When  both  compressive  and  bending  loads  are  acting,  the  interaction  equation  is^: 


where  Fc  are  F^  are  the  direct  compressive  and  bending  stresses  for  buckling  under 
combined- toad  conditions,  (Fc)cr  is  as  defined  previously,  and  (Fb)cr  i*  the  bending 
stress  for  buckling  under  bending  alone. 

Now  the  relationship  between  (Fb)cr  sod  (Fc)cr  is  given  approximately  by(^) 

<Fb)cr=»».35<Fc>cr.  <“>> 

Also,  we  have,  from  elementary  bending  theory  applied  to  a  thin-walled  cylinder, 

Fb  =  Mc/I  s  4M/7iD2t,  (I!) 

where  M  is  the  bending  moment  and  I/c  is  the  section  modulus. 

Now,  combining  Equations  (9),  (10),  and  (11),  we  arrive  at  the  following  expression 
for  the  equivalent  combined  loading  Peq,  as  used  in  Figures  IS  and  16  and  in  Appendix  D: 
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LOADS,  AND  UNIT  WEIGHT 


Three  hypothetical  vehicles,  each  with  the  same  payload  (300  pounds)  but  perform¬ 
ing  a  different  mission,  are  considered  here.  They  are  as  follows. 


Vehicle  _ Mission 

A  ICBM  (5000-nautical- 

mile  rany,c) 


Last-Stage  Burnout 
Velocity,  fps 

2,150 


Number  of 
_ Stages 

3 


B  Earth  orbit  (300-  23,000  3 

nautical-mile  altitude, 

96-minute  circular  orbit) 


C  Earth  escape 


36,500 


4 


The  following  basic  data  are  taken  from  Reference  (31). 


Cite  Diameter,  D. 

Load,  at  Maximum  External 
Loading  *1  Station 

Condition  foe 
Occurrence  of 
Maximum  External 
Loading^ 

Maximum 
External  Loading 
Station^.  in. 

in. 

kilopoundi 

M, 

in -kilopoundi 

Stage 

A 

B 

C 

A 

8 

C 

A 

B 

C 

A  B 

C 

A 

B  C 

1  (Launch) 

38.8 

52.0 

102 

35 

102 

445 

158 

720 

2,  750 

IB  IB 

IB 

161 

2P3  230 

2  (Intermediate) 

38.0 

43.0 

70 

33 

100 

330 

166 

730 

3,500 

IB  IB 

IB 

14 

0  0 

3  (Final  for  A  &  B) 

26.0 

38.0 

ja 

17 

36 

55 

36 

440 

800 

28  3 

IB 

0 

0  0 

4  (Final  lot  C) 

-- 

-- 

38 

-- 

-- 

20 

•• 

- 

200 

..  .. 

max  q 

- 

0 

(a)  Maximum  external  loading  telco  :>  the  external  loading  condition*  at  which  Pen  (defined  below)  It  maximum. 

(b)  The  tymbol  IB  refer,  to  uie  era  of  firtt-uage  boort;  2B  rcfco  to  the  end  of  tccond  ttxge  bootti  max  q  refert 
to  the  maximum -dynamlc-prcm-Te  condition. 

(c)  Location  r.ioaiurcd  from  aft  (lower)  end  of  each  (Cage, 


The  maximum  equivalent  axial  load  P(.q  is  defined  as  follows: 


eq 


=  P  4 


4  M 
.  35  1) 


w; 


-*  rc 


P  -  axial  ioati,  and  M  -  bend.ng  inui.ienl, 
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The  maximum  values  of  Pe(j  and  of  its  parametric  version  Petj/D^  arc: 


Stage 

1 

2 

3 

4 


Peq  (kilolb. )  Peq/D2  (psi) 


A 

B 

C 

A 

B 

C 

47.0 

143 

525 

31.0 

53.0 

50.4 

51.4 

145 

470 

35.6 

b3.  0 

96.0 

20.5 

70 

117 

30.4 

18.7 

81.0 

— 

— 

35.  b 

-- 

— 

24.6 

The  following  values  for  internal  pressure  were  assumed  for  each  stage. 


Pressure,  psi 


Stage 

A 

B 

C 

1 

500 

800 

800 

2 

300(a) 

500 

500 

3 

300 

200(a) 

300(») 

4 

— 

— 

300 

(a) 

Stated  in 

Reference 

(31). 

As  an  example  for  the  weight  per  enclosed  volume  (W  /V)  of  the  cylindrical  portion 
of  the  motor  case,  a  single  material  is  chosen  throughout.  It  is  assumed  to  have  a 
biaxial  yield  strength  of  2S0  ksi,  a  biaxial  ultimate  strength  of  280  ksi,  an  elastic  modu¬ 
lus  of  29,000  ksi,  and  a  density  of  0.  28  pci.  The  factors  of  safety  are  1.  00  on  yield  and 
l.  25  on  ultimate.  Then  the  design  hoop  stress  is  224  ksi. 


It  is  assumed  that  the  stiffness  of  the  propellant  grain  increases  the  equivalent 
axi*.l-load-carrying  capacity  by  52  per  cent.  For  the  conditions  in  which  internal  pres¬ 
sure  is  acting  during  occurrence  of  maximum  external  load,  a  7b  per  cent  increase  in 
equivalent  axial-load-carrying  capacity  is  assumed.  Thus,  the  •’design"  values  of 
equivalent  axial  load  for  this  example  are: 

P^  =  F^/1.76  for  lst-stage  motor  cases 

pd  =  *W‘  .52  for  motor  cases  for  all  other  stages. 

For  numerical  values,  see  Table  B-l. 


B-3  and  B-4 


TABLE  B-l.  EXTERNAL  LOAD  PARAMETERS,  DESIGN  CRITERIA, 
AND  CYLINDRICAL- PORTION  WEIGHT  PER  ENCLOSED 
VOLUME  FOR  MOTOR  CASES  OF  VARIOUS  STAGES  OF 
THREE  HYPOTHETICAL  VEHICLES 


Stage 

Actual  Pj/D^ 

Transitional  Pd/D^ 

Design 

Governing 

Critcrion(a) 

W/V, 

Ib/It3 

A 

B 

c 

A 

B 

C 

A 

B 

C 

A 

B 

C 

1 

17.6 

30.  1 

28.6 

67.  8 

173 

173 

IP 

IP 

IP 

2.  lo 

3.45 

i.  45 

2 

23.4 

41.4 

63.  1 

24.4 

67.  8 

b?.8 

IP 

IP 

IP 

1.29 

2.  lb 

2.  lb 

3 

20.0 

32.0 

S3. 3 

*>4, 4 

24.4 

24.4 

IP 

B 

B 

1.29 

1.49 

1,92 

4 

— 

-- 

lo.  2 

-- 

-- 

24.4 

-- 

-- 

IP 

-- 

-- 

1.29 

{i)  IP  dcnoict  internal  preuuic;  B  denote*  buikling. 


Then,  assuming  a  buckling  factor  C  of  0.  3,  the  transitional  value  of  Pd/D2  at 
"hich  the  W/V  for  internal  pressure  and  for  buckling  would  be  identical  is  given  by  the 
fo.  wing  equation: 


(Pd/02)trans. 


0.471 


p  v'E/d  \ 

.  sri/d  ; 


As  shown  in  the  table,  the  transitional  value  of  Pj/D2  exceeds  the  actual  value  in 
only  two  situations  (the  third  stages  of  Vehicles  B  and  C).  Thus,  buckling  governs  only 
in  these  two  situations. 

The  values  of  W/V  are  also  shown  in  Tabic  B-l,  It  is  to  be  noted  that,  for  a 
given  vehicle.  W/V  decreases  in  going  from  the  first  stage  to  the  last  stage.  Also,  as 
the  escape  velocity  is  increased  (i  e.  going  from  Vehicle  A  to  Vehicle  C),  W/V  for  a 
given  stage  increases. 
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